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ISOLATION  AND  DAMPING 


TRANSIENT  RESPONSE  OF  REAL  DISSIPATIVE  STRUCTURES 


R.  Plunkett 

University  of  Minnesota 
Minneapolis,  Minnesota 


Almost  all  the  information  we  have  on  damping  has  been  gained  from 
measurements  on  structures  vibrating  at  a  single  frequency  at 
constant  or  almost  constant  amplitude.  In  calculating  system 
response  to  transient,  random  or  fluctuating  excitation,  it  is 
customary  to  use  spectral  decomposition,  modal  analysis  or  some 
other  procedure  Involving  linear  superposition.  In  most  cases  of 
transient  excitation  this  will  give  conservative  results  since 
most  real  damping  increases  non-linearly  with  amplitude;  this  may 
result  in  a  greatly  overdesigned  structure  and  prejudice  the 
designer  against  the  Use  of  frangible  stress  relief  devices.  In 
a  few  cases  involving  coulomb  friction  where  the  damping  decreases 
with  increasing  amplitude,  it  may  lead  to  underdeslgn  of  instability. 


INTRODUCTION 

Classical  analysis  has  shown  that  the 
maximum  response  of  a  single  degree  of 
freedom  system  to  simple  shock  Inputs  is 
remarkably  independent  of  damping  f I ] . 

On  the  other  hand,  damping  may  be  a  very 
important  factor  when  the  load  time  his¬ 
tory  has  a  spectrum  which  is  rich  with 
discrete  frequencies  C 2 3 .  Typical  prob¬ 
lems  of  this  second  type  include  seismic 
excitation,  automobile  crashes  and  light 
components  on  relatively  massive  struc¬ 
tures.  In  an  attempt  to  make  the  analy¬ 
sis  of  these  problems  tractable,  they 
have  often  been  attacked  by  linear  or 
quasi  linear  techniques  C3J;  this  leads 
naturally  to  superposition  and  transform 
methods  and  our  attention  has  been  di¬ 
verted  to  a  consideration  of  appropriate 
bounds  for  maximum  response  [4J.  If  one 
accepts  linear  analysis  and  spectral 
decomposition,  it  is  obvious  that  the 
sum  of  the  absolut  >  values  of  the 
Fourier  components  or  the  integral  of 
the  absolute  value  of  the  integrand  will 
furnish  an  upper  bound  using  one  of  the 
many  variants  of  Schwarz'  inequality. 
Since  we  are  dealing  with  a  maximum  and 
since  we  are  often  concerned  with  a 
displacement  type  of  failure,  this 
upper  bound  may  be  high  by  a  factor  of 
two  or  three  which  can  impose  a  severe 
design  penalty.  Much  effort  has  been 
given  to  a  reasonable  lowering  of  this 
upper  bound  by  various  mathematical 
and  numerical  studies. 

It  has  been  realized  for  some  time 


that  there  are  certain  mathematical 
difficulties  associated  with  the  assump¬ 
tion  of  frequency  dependent  linear  damp¬ 
ing  but  these  appear  not  to  have  much 
practical  effect  [5].  Little  attention 
has  been  paid  to  the  physics  of  the 
problem  as  controlled  by  the  definition 
of  dissipative  systems. 

As  can  be  seen  from  figure  1,  the 
maximum  response  spectrum  of  a  single 
degree  of  freedom  system  due  to  simple 
excitation  depends  only  slightly  upon 
damping  until  the  damping  becomes  very 
large.  Figure  2,  on  the  other  hand, 
shows  that  this  some  response  spectrum 
is  very  sensitive  to  damping  when  the 
excitation  is  highly  oscillatory  as  in 
an  earthquake.  In  spite  of  this,  there 
is  little  difficulty  dealing  with  cither 
case  if  we  can  treat  the  physical  struc¬ 
ture  as  a  8 ingle  degree  of  freedom  sys¬ 
tem.  Unless  the  shock  response  spectrum 
has  a  very  wide  frequency  ^tand,  there  is 
also  little  problem  with  multi-degree  of 
freedom  systems  unless  the  frequencies 
are  close  together,  Typical  building 
frequencies  are  in  the  ratio  1,  3,  5, 
etc. ;  typical  missle  bending  frequencies 
or  submarine  bending  frequencies  are  in 
the  ratio  1,  6,  18,  etc.;  either  of 
these  sequences  furnish  adequate  sep¬ 
aration.  Massive  machinery  in  build¬ 
ings,  however,  can  split  these  sequences 
to  make  them  much  denser;  an  elevator 
shaft,  a  building  with  two  connected 
towers,  a  power  plant  or  nuclear  reactor 
can  make  a  simple  single  degree  of 
freedom  analysis  unrealistic. 
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The  accepted  design  procedure  is  to 
use  a  dynamic  response  analysis  with 
reasonable  damping  factors  to  approxi¬ 
mate  the  response  [6j.  For  a  relatively 
simple  excitation  spectrum  such  as  a 
depth  charge,  a  nuclear  explosion  or  a 
head-on  crash  into  a  fixed  barrier,  this 
gives  good  results.  For  seismic  excita¬ 
tion  or  a  more  realistic  crash  we  simply 
do  not  have  enoucn  information  aboct 
damping  effects  in  complex  time  histor¬ 
ies  to  find  the  response. 

DAMPING  MECHANISMS 

Eefore  we  get  too  deeply  into  the 
physics  of  shock  response,  it  is  helpful 
to  consider  the  various  types  of  damping 
mechanisms.  The  simplest  is  energy 
radiation  which  Is  a  linear  mechanism 
resulting  when  elastic  energy  is  radi¬ 
ated  away  from  the  structure’  of  inter¬ 
est.  It  may  be  the  major  mechanism  for 
damping  turbine  bucket  vibration  where 
the  disk  support  at  Christmas  trees 
scatters  the  elastic  energy  to  all 
parts  of  the  rotor  in  such  a  way  as  to 
return  in  a  completely  Incoherent 
fashion,  If  at  all.  It  is  probably 
also  an  important  factor  in  large 
buildings  supported  on  bed  rock  or  in 
flexible  bridges.  Radiation  damping 
can  be  very  efficient  from  shell  struc¬ 
tures  to  water;  the  impedance  mismatch 
is  greater  but  the  area  contact  Is 
larger  than  in  turbine  buckets  or 
buildings.  Acoustic  radiation  from 
submarines  to  the  ocean  causes  large 
damping  at  intermediate  frequencies. 

For  very  large  flat  panels,  acoustic 
radiation  to  air  is  sometimes  Important. 
By  its  very  nature,  radiation  damping 
is  elastic  and  linear;  therefore,  even 
though  it  is  frequency  dependent,  super¬ 
position  works. 

Material  damping  is  a  very  general 
none  for  a  large  collection  of  phenom¬ 
ena.  It  is  the  kind  of  energy  dissi¬ 
pation  which  takes  place  in  tne  volume 
of  solid  materials  which  are  cyclically 
stressed  and  is  Independent  of  any  ener¬ 
gy  loss  at  the  boundaries  [7,8],  The 
physical  mechanisms  responsible  for  this 
type  of  damping  are  basically  non¬ 
linear  with  the  possible  exception  of 
polymeric  or  visco-elastic  organic 
compounds  C$3.  The  behavior  at  high 
strain  levels  associated  with  shock 
conditions  is  strongly  non-linear  so 
that  superposition  Is  completely 
unwarranted. 


relative  motion  between  the  parts. 

This  relative  motion,  in  turn,  causes 
rubbing  friction,  impact,  elastic 
energy  release,  gas  pumping  or  turbulent 
fluia  behavior  around  relatively  sharp 
edges.  All  of  these  mechanisms  are 
highly  non-linear. 

ANALYSIS 


Even  though  the  physical  mechanism 
involved  in  material  damping  is  non¬ 
linear,  It  is  customary  to  use  a  quasl- 
llnear  analysis  for  steady  state  vibra¬ 
tion  problems  in  which  experience  guides 
us  toward  the  proper  damping  value  for 
the  problem  at  hand.  As*  far  as  we  know, 
we  have  not  gotten  In  serious  trouble 
in  this  area,  probably  because  damping 
Increases  very  rapidly  before  the 
fatigue  limit  of  most  material?  1? 
reached.  We  are  also  aided  by  the 
resonant  nature  of  vibration  problems; 
whether  we  are  dealing  with  fl 
critical  speeds,  wheel  shimmy 
lng  sway,  one  mode  of  vibration  dom¬ 
inates  and  the  time  history  is  sinusoid¬ 
al.  Even  in  randomly  excited  forced 
vibration,  the  response  c  '  lightly 
damped  systems  is  quasi- sinusoidal. 

The  shock  response  of  large  struc¬ 
tures  loaded  below  the  point  of  per¬ 
manent  deformation  has  not  been  examined 
in  great  detail.  It  has  been  difficult 
enough  to  get  even  meager  information 
about  the  frequencies,  mode  shapes  and 
damping  of  buildings  with  sinusoidal 
loadings  in  non- destructive  tests, 
without  worrying  about  more  complex 
situations  [10].  We  have  only  recently 
had  sufficient  strong  motion  instru¬ 
mentation  to  get  any  information  at  all 
about  the  motion  of  large  buildings  in 
destructive  earthquakes  [  11].  The 
preliminary  results  seem  to  indicate 
that  destructive,  non-linear  deformation 
of  redundant,  non- support  elements 
reduces  the  shock  loading  to  the  rest  of 
the  structure  somewhat  in  the  same 
fashion  that  crushable  supports  do  in 
packaging.  Thus,  the  destruction  of 
interior  shear  panels  can  give  Important 
frequency  shifts  and  energy  dissipation 
for  tall  buildings  In  earthquakes  and 
offer  some  protection  to  the  main 
skeleton.  Limber  and  weak  first  story 
flexible  shear  supports,  on  the  other 
hand,  may  protect  against  weak  shocks 
but  be  disasterous  In  strong  ones. 

CURRENT  PROBLEMS 


utter, 
or  build- 


For  most  complex  structures  in  shock 
or  vibration  at  amplitudes  below  that 
necessary  for  permanent  deformation, 
there  has  been  a  growing  realization 
over  the  past  decade  that  most  of  the 
energy  dissipation  la  caused  by 


This  gives  rise  to  many  unanswered 
questions  if  we  are  to  arrive  at 
economical,  safe  and  sturdy  designs  for 
complex  structures  subject  to  explo¬ 
sions,  earthquakes  and  crashes.  Ths 
relatively  simple,  single-degree  of 
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freedom  methods  which  have  been  so 
successfully  used  for  package  cushioning 
will  not  work  for  these  problems.  This 
raises  serious  questions  for  the  ration¬ 
al  design  of  military  structures  to 
withstand  nuclear  and  conventional 
explosions,  of  buildings  and  power 
rtations  to  withstand  earthquakes,  and 
of  automobiles  to  withstand  moderate 
crashes  and  protect  the  occupants 
against  severe  ones. 

The  kind  of  problem  which  may  exist 
is  most  easily  seen  by  considering  the 
details  of  energy  dissipation  due  to 
friction  in  built-up  structures. 
Experience  over  the  years  has  led  us  to 
use  overall  structural  damping  which  is 
relatively  independent  of  amplitude  for 
single  mode  vibratory  motion  in  the 
analysis  of  such  systems.  The  damping 
coefficient  (ratio  of  imaginary  to  real 
part  of  effective  complex  modulus)  is 
usually  taken  to  be  about  0.02  for  air¬ 
craft,  has  been  measured  at  0.04  for 
tall  structures  [10]  and  has  been 
deduced  to  be  as  high  as  0.10  for  large 
ships.  Tl.a  difficulty  with  most  of 
the.c  figures  is  that  they  were  neces¬ 
sarily  determined  at  very  low  ampli¬ 
tudes,  well  below  that  permissible  for 
severe  earth  quakes  or  other  non¬ 
recurring  transients.  In  addition 
they  are  only  v*lid  for  sinusoidal  or 
quasi- sinusoids1  motion  in  a  single 
mcde  of  vibration  at  a  time. 

It  is  not  difficult  to  construct  a 
lausible  argument  which  says  that  the 
nteractlve  effects  of  two  or  more 
frequencies  are  aucn  as  to  reduce  the 
damping  for  that  motion  whlcn  has  the 
smaller  amplitude;  thlu  necessarily 
leads  to  tno  conclusion  that  the  two 
frequency  decay  sf ictrum  is  almost 
independent  of  the  spectral  content  of 
the  excitation  for  quite  a  w'  ie  range  in 
the  ratio  of  the  two  components.  This 
result  comes  from  the  fact  tha_  the 
direction  of  friction  force  depends  on 
the  direction  of  slip  and  that  no  slip 
takes  place  until  the  force  reaches  a 
limiting  value.  As  a  resul'  ,  there  will 
be  essentially  no  energy  dissipation  for 
the  frequency  correspond!^  to  that  mode 
of  motion  in  which  there  is  no  velocity 
reversal.  This  means  that  If  the  max¬ 
imum  relative  velocity  cor:  jsponding  to 
one  frequency  of  a  two  frequency  motion 
is  lose  than  the  instantaneous  velocity 
in  the  other,  there  will  be  little  or 
no  energy  dissipation  in  it  even  though 
there  is  damping  in  the  corresponding 
motion  by  itself. 

In  the  other  direction,  we  have  the 
experimental  fact  that  damping  in  moat 
materials  and  structures  rises  abruptly 
at  the  level  of  permanent  deformation  or 


fatigue  change  [7].  Since  we  expect 
this  behavior  to  be  associated  with  peak 
8 train  or  displacement,  it  has  a  very 
important  influence  on  the  maximum  force 
in  a  structure.  The  maximum  of  a 
complex  time  history  cannot  be  found 
from  spectral  decomposition,  it  can 
only  be  bounded  and  that  not  accurately. 
For  instance,  consider  a  spring  mounted 
mass  in  which  the  base  is  subjected  to 
an  earthquake  input;  let  the  spring  have 
an  elastic  perfectly  plastic  charac¬ 
teristic,  and  let  the  lmput  be  such  as 
to  cause  significant  plastic  deformation 
at  some  time  in  the  response.  Under 
these  circumstances  which  correspond  to 
moderately  severe  earthquakes  or 
crashes,  the  time  history  of  the  ex¬ 
citation  prior  to  maximum  displacement 
is  irrelevant  and  the  residual  response 
after  maximum  displacement  is  often  a 
simple  sinusoidal  decay.  Such  behavior 
is  often  not  very  destructive  to 
components  housed  in  the  main  structure. 
A  typical  example  is  the  protection 
offered  to  automobile  passengers  by 
collapsible  bumper  supports  or  by 
destruction  of  front  grill  work;  in 
most  cars,  there  is  no  such  protection 
available  from  side  Impacts.  In  any 
case,  this  makes  a  flexible  and 
frangible  first  story  support  structure 
for  buildings  look  attractive.  If  it  is 
it  to  be  effective,  some  provision  must 
be  made  for  final  support  of  the 
building  itself  and  the  frangible  links 
must  be  easily  replaced. 

There  are  two  major  areas  of  re¬ 
search  that  appear  to  me  to  cry  out  for 
solution.  The  first  is  analysis;  what 
are  the  appropriate  analytical  tech¬ 
niques  and  design  criteria  for  complex 
structures  subject  to  transient  inputs 
which  do  not  have  a  simple  time  history? 
We  can  be  certain  that  the  simple 
linear  superposition  implicit  in 
spectral  decomposition  methods  are 
inappropriate  here.  While  they  will 
probably  overestimate  the  response  for 
most  reasonable  assumptions,  they  will 
probably  impose  unreasonable  require¬ 
ments  for  fail  safe  design  in  many 
cases.  In  addition,  they  will  auto¬ 
matically  discourage  the  use  of 
frangible  or  yielding  redundant  links 
to  mitigate  the  damage  to  building 
contents.  At  the  moment,  the  two  most 
suitable  techniques  appear  to  be  a 
quasi-elastic  deformation  analysis 
and  the  use  of  digital,  analogue  or 
hybrid  computers  to  make  time  history 
predictions.  For  either  of  these 
methods  to  useful,  we  need  much 
better  s  ,ts  of  input  ensembles.  We  also 
need  a  layge  library  of  trial  solutions 
and  a  reasonable  number  of  destructive 
tests  for  comparison. 
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The  other  important  area  of  research 
la  a  little  closer  to  my  academic  heart. 
We  have  absolutely  no  information  on 
the  interactive  effects  of  modal  damping 
when  a  material  or  structure  is 
vibrating  simultaneously  in  two  or  more 
frequencies.  Whether  it  be  material  or 
structural  damping,  we  do  not  know  if 
the  interaction  between  strain  or 
motion  at  two  or  more  different  fre¬ 
quencies  increases  or  decreases  the 
damping  of  either  component. 

A  great  deal  of  attention  has  been 
paid,  in  this  country  and  abroad,  to 
the  problems  associated  with  analytical 
and  computer  solutions  for  structures 
subjected  to  random,  complex,  steady 
state  and  transient  excitation.  These 
techniques  and  solutions  have  all  been 
based  upon  descriptions  of  the  system 
behavior  which  have  been  chosen  for 
their  mathematical  tractability  rather 
than  their  relationship  to  physical 
fact.  If  we  are  to  have  any  real 
ability  to  predict  vibration  and  shock 
response  for  these  important  problems, 
we  had  better  learn  more  about  the 
physical  behavior  of  real  materials 
and  systems. 
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DYNAMIC  RESPONSE  OF  A  RING  SPRING 


by 


Ronald  L.  Eshleman 
III  Research  Institute 
Chicago,  Illinois 


The  dynamic  response  of  a  ring  spring  to  high  rate  loading  was 
studied  analytically  and  experimentally  with  special  emphasis 
on  high  frequency  effects.  Explicit  analytical  expressions  for 
ring  spring  force-deflection  curves  with  separate  stiffness  and 
damping  terms  were  formed.  The  mathematical  model  which  rep¬ 
resents  the  spring  mass  elasticity  and  damping  is  a  form  of  the 
classical  wave  equation.  This  model  was  used  in  conjunction 
with  a  massive  rigid  body  to  study  its  shock  isolation  char¬ 
acteristics  analytically  and  experimentally.  Tests  were  con¬ 
ducted  on  one  and  one^ualf  inch  diameter  springs  in  an  MTS 
closed  loop  electrohydraulic  shock  isolation  test  machine. 


INTRODUCTION 

The  dynamic  response  of  the  ring 
spring  to  high  rate  input  loadings  was 
studied  analytically  and  experimentally. 
Special  emphasis  was  placed  on  the  under¬ 
standing  of  high  frequency  effects.  When 
high  rate  input  loadings  are  applied  to 
a  ring  spring,  surging  of  the  isolator 
can  occur  at  one  or  a  combination  of  its 
natural  frequencies  if  its  inherent  damp¬ 
ing  is  not  effective.  High  rate  loading 
results  from  weapon  effects,  machinery 
excitation  or  transportation  environ¬ 
ments.  A  distributed  parameter  model  was 
used  to  calculate  the  local  response  of 
the  Isolator  and  the  higher  order  effects 
on  the  Isolated  mass.  Finite  difference 
equations  programmed  on  the  digital  com¬ 
puter  were  utilised  in  the  local  response 
calculation. 

MODELING 

The  analytical  and  experimental 
studies  on  the  response  of  the  ring 
spring  to  high  rate  input  loading  were 
conducted  on  simple  isolator-mass  models. 
The  analytical  model  consisted  of  a  ring 
spring  and  its  associated  Isolated  mass, 
as  shown  in  Figure  1.  The  isolators 
were  modeled  as  massless,  flexible, 
damped  elements  so  that  gross  response 
of  the  Isolated  mass  to  programmed  high 
rate  input  motion  could  be  obtained.  In 
addition,  the  ring  spring  was  modeled  as 
having  continuously  distributed  mass  and 
elasticity  for  local  response.  This 

Preceding  page  blank 


model  is  capable  of  predicting  surging 
of  the  ring  spring  and  high  frequency  re¬ 
sponse  of  the  isolated  mass. 

The  high  rate  input  motion,  pulse, 
shown  in  Figure  2,  had  a  2.71  in.  peak- 
to-peak  displacement.  The  maximum  input 
velocity  was  150  in. /sec,  30g  and  higher 
accelerations  were  obtained  depending  on 
the  exact  shape  of  the  pulse. 

The  experimental  models  consisted 
of  parallel  ring  spring-mass  systems 
(Figure  3).  The  experimental  model  of 
the  ring  spring  isolation  elements  was 
selected  to  meet  the  physical  constraints 
of  the  test  fixture.  The  MTS  closed  loop 
electrohydraulic  test  machine  was  used 
to  Induce  the  controlled  pulse  to  the 
shock  isolation  system's  base. 


Fig.  1  Shock  Isolation  System 
Model,  Analytical 
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Fig.  2  High  Rate  Input  Motion 


x(|)'* — yOH— J 

Fig.  3  Shock  Isolation  System 
Model,  Experimental 


PHENOMENOLOGY 

The  ring  spring,  shown  In  Figure  4, 
is  used  where  space  Is  limited  ana  a 
large  amount  of  energy  must  be  absorbed. 
Energy  Is  absorbed  by  the  coulomb  fric¬ 
tion  forces  at  the  interfaces  of  the  ad¬ 
joining  sections.  The  spring  deflection 
In  the  axial  direction  Is  obtained  from 
circumferential  compression  of  the  inner 
rings  and  stretching  of  the  outer  rings. 
The  damping  force  between  the  conical 
surfaces  of  the  adjacent  rings  Is  pro¬ 
portional  to  axial  displacement.  Fig¬ 
ure  3  shows  a  typical  ring  spring  load 
deflection  curve  with  Its  hystersis  loop. 
For  Increasing  loads,  the  friction 
forces  and  slsstic  forces  act  In  the 
same  direction  to  absorb  a  large  amount 
of  energy.  Upon  release,  the  friction 
force  reverses  and  some  of  the  elastic 
energy  stored  In  the  rings  Is  used  to 
overcome  the  opposed  friction  force. 

This  results  In  a  load  release  curve  of 
smaller  slope.  The  area  Inside  these 
curves  represents  the  energy  dissipated 
by  the  spring  per  use  cycle. 


Fig.  4  Diametral  Section  through 
Ring  Spring 


The  analytical  expressions  (refer¬ 
ence  1)  for  the  ring  spring  force- 
deflection  curves  in  compression  and 
return  are  given  respectively  as 


irEA, 


.1—  «.  gl 

A.  1-U  tan  a 

v«+?> 


vEA 


A,  1  +  u  tan  a 


f 

where: 


(1) 

(2) 


P  •  Force 

4  ■  Deflection 

E  *  Modulus  of  Elasticity 

a  -  Angle  of  taper,  conical  surface 

rm  -  Mean  radius  of  rings 

n  •  Number  of  rings 

A.  "  Cross-sectional  area  of 
inner  ring 
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A  -  Cross-sectional  area 
J  of  outer  ring 

U  *  Coulomb  friction  coefficient 


Let 


Then 


ttEA.  tan  a 

e - V— i- 


(3) 


0  6  £t  ±  tan  a) 

1-U  tan  a 

(4) 

0  6  gan.  QLi  [X. 

1  +  M  tan  a 

(5) 

Expanding  equations  (4)  and  (5)  for 
small  values  of  M  tan  a  and  dropping 
higher  order  terms,  the  force-deflection 
curves  in  compression  and  return  become 


o 

■  6  0  (m  +  tan  a  +  u  tan  a 
2 

+  u  tan  a  +....) 


(6) 


2 

PR  ■  4  P  (tan  a  -  u  -  utan  a 

+  n2  tan  a  (7) 

The  spring  and  damping  terms  for  the 
ring  spring  can  be  obtained  by  separating 
equations  (6)  and  (7).  The  spring  con¬ 
stant  is 


K  ■  P  tan  a.  (8) 

The  damping  constants  are 

C„  •  Pu  (sec^a  +  u  tan  o)  (9) 

c 

Cn  ■  -Pu  (sec*o  -  m  tan  a)  (10) 

Equations  (6)  and  (7)  show  that  the 
damping  force  due  to  Coulomb  friction  is 
a  function  of  ring  spring  deflection. 
This  phenomenon  results  from  the  fact 
that  the  normal  force  between  the  fric¬ 
tion  surfaces  is  regulated  by  the  elas¬ 
ticity  of  the  spring.  Equations  (8) 
shows  that  the  ring  spring  stiffness  is 
a  function  of  the  spring  geometry  and 
its  modulus  of  elasticity.  These  rela¬ 
tionships  were  used  In  the  analysis  of 
the  spring's  shock  isolation  qualities. 
The  data  on  ring  spring  used  in  the  tests 
is  listed  below. 

P  -  6350  lb/ in. 

M  -  0.105 


k  -  1530  lb/in. 
Cc  -  721  lb/in. 

-  -688  lb/ in. 

ANALYSIS 


The  ring  spring  isolation  system 
was  analyzed  for  its  natural  frequencies, 
gross  response  and  local  response.  The 
analytical  studies  were  conducted  with 
the  aid  of  the  previously  described  mod-' 
els.  The  eigenvalue  problem  for  deter¬ 
mination  of  the  natural  frequencies  was 
solved  graphically  utilizing  analogous 
solutions  existing  in  the  literature. 

The  dynamic  response  of  the  ring  spring 
to  high  rate  input  loading  was  pro¬ 
grammed  in  FORTRAN  IV  and  calculated  on 
an  IBM  7094  digital  computer. 


The  model  distributed  mass  and 
elasticity  Isolator  system  shown  in  Fig¬ 
ure  6  was  used  for  the  calculation  of 
the  system's  natural  frequencies  and  re¬ 
sponse  to  high  rate  input  loading.  The 
equation  of  motion,  Equation  (11),  and 
boundary  conditions,  Equations  (12)  and 
(13),  were  used  to  analyze  the  response 
of  the  isolation  systems. 


Fig.  6  Distributed  Parameter  Isolation 
System  Model 


ttEA^  tan  a  (tan  a^n)  ^2, 
rmn(l  T  u  tan  a)(l  + 


(11) 


where 


u(s,t)  ■  local  displacement  of 

ring  spring 

s  ■  space 

t  ■  time 

/  ■  length. 


At  s 


u(0,t) 


0, 


0  for  natural  frequency 
calculation 

< 


02) 


y(t)  for  response  calculation. 
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M  77 

tea,  tan  0  (tana  +  u)  l 

- - — 7-TKg  <*>*> 

r^d^tsna^  +  j^)  (13) 


k  -  1530  lb/ in. 

A 

m  ■  0.0079  lb-sec*/in. 
M  »  2.50  lb  sec2/in. 
e  -  0,0032 
a  -  6000  In. /see 


These  equations  show  the  linear 
elastic  characteristics  of  the  spring 
and  the  directional  characteristics  of 
the  damping  force.  The  undamped  natural 
frequencies  of  the  system  were  obtained 
using  equation  (11).  From  the  analogy 
to  a  bar  in  longitudinal  motion,  the 
wave  equation  yields  the  following  fre¬ 
quency  equation. 

6  tan  6  •  e  (14) 

where 

e  ■  m/M 

m  »  mass  of  the  ring  spring 

M  *  Isolated  mass 

<5^  ■  fflj/a,  roots  of  equation  (14) 

f  ■  length  of  isolator 

0^  -  natural  frequency 

a  *  l  \J k/m  wave  velocity 

k  *  equivalent  stiffness 

(equation  (8)). 

For  the  small  values  of  mass  ratio, 
e,  obtained  in  these  configurations,  the 
solutions  to  the  frequency  equation  are 
given  in  Equation  (15). 

*  e  first  mode  (15a) 

6,  •  It  second  and  higher  (15b) 

1  inodes 

Equation  (15a)  given  the  first  mode  natu¬ 
ral  frequencies  of  the  systems  directly 
and  is 

n  -  \Jv7h  (16) 

merely  the  rigid  mess,  M,  massless  iso¬ 
lator,  k,  natural  frequency  that  is  ob¬ 
tained  from  simple  vibration  analysis. 
This  occurs  because  the  isolated  mass  is 
so  much  larger  than  the  mass  of  the  isola¬ 
tion  element.  In  addition,  for  the  higher 
modes  of  vibration  (surging),  the  isolator 
appears  to  have  fixed  end  conditions. 

nt  -  It  f  (17) 

The  following  numbered  values  were 
obtained  for  the  natural  frequencies  of 
the  ring  spring  isolation  system  tested. 


/  -  14.9  in. 

-  3.95  Hz 

ftj  -  2201  Hz. 

The  local  response  of  the  shock  iso¬ 
lation  system  to  high  input  loading  was 
numerically  calculated  on  the  digital 
computer.  The  wave  equation  (Equation 
(11))  which  describes  the  motion  of  the 
system  is  basically  a  force  equation. 
Motion  Inputs  are  constraints  on  the  sys¬ 
tem  and  are  therefore  time  dependent 
boundary  conditions.  If  the  motion  input 
occurs  within  the  physical  boundary  of 
the  continuous  element  rather  than  at  the 
boundary,  then  It  is  termed  a  specified 
internal  boundary  condition  at  an  in¬ 
ternal  boundary.  Input  motions  must  be 
given  relative  to  an  inertial  reference. 

Since  the  input  motion  of  the  iso¬ 
lator  cannot  be  characterized  in  a  func¬ 
tional  form  it  is  advantageous  to  use 
its  digital  description  as  an  input  to  a 
finite  difference  description  of  the  sys¬ 
tem.  The  present  ISOLATOR  program  con¬ 
tains  a  digital  description  of  the  input 
wave  form.  The  subroutine  that  calcu¬ 
lates  the  local  response  of  the  ring 
spring  uses  central  difference  equations. 
This  analysis  is  described  in  detail  in 
reference  2. 

The  results  of  the  local  dynamic 
response  calculations  are  shown  in  Fig¬ 
ure  7,  It  shows  the  acceleration  re¬ 
sponse  in  g's  of  the  960  lb  mass  isolated 
from  the  input  wave  form  (Figure  2)  by  a 
ring  spring. 

EXPERIMENTATION 

The  dynamic  response  of  the  ring 
spring  to  high  rate  Input  loading  was 
studied  experimentally  using  a  closed 
loop  slectrohydraulic  test  machine.  The 
shock  wave  form  shown  in  Figure  2  was 
applied  to  the  lsolator-suiss  system. 

The  slectrohydraulic  test  system  Is 
comprised  of  five  beelc  elements:  the 
pump,  the  servovalve-actuator  system, 
the  load  frame,  the  transducer-feedback 
system  and  the  control  console.  These 
units  provide  pr imary  hydraulic  power, 
slectrohydraulic  control,  specimen  or 
component  eontainamnt  and  control.  The 
machine  has  the  following  capabilities: 
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the  stroke  range  is  +  5  in.;  maximum 
stroke  rate  is  12,000~in./min;  maximum 
acceleration  is  160  g.  Its  characteris- 
tics,  capabilities  and  operation  are 
further  described  in  reference  3. 

The  guided  loading  fixture,  with 
the  ring  spring,  Figure  8,  provides  the 
base  loading  of  the  isolator,  and  a  960  lb 
lead  weight  simulates  the  isolated  equip¬ 
ment.  Both  items  are  free  to  move  on 
the  test  machine  loading  and  reaction 
frame.  The  loading  ram  applies  the  ma¬ 
chine  generated  to  the  shock  isolator 
under  test.  The  loading  fixture  was  de¬ 
signed  to  have  a  minimum  weight  and  a 
high  natural  frequency.  Individual  sup¬ 
port  fixtures  are  designed  and  built  for 
each  shock  isolation  system  tested.  The 
details  of  the  test  equipment,  instru¬ 
mentation  and  testing  are  recorded  in 
reference  3. 

The  ring  spring  consisted  of  two 
columns  of  62  rings  on  each  side  of  the 
mass.  A  wave  form  with  a  2.71  in.  peak- 
to-peak  displacement  was  used  because 
the  stroke  of  the  ring  spring  was  short. 
The  elements  were  not  precompressed.  The 
rings  were  held  in  their  proper  relative 


i 
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position  by  internal  and  external  sleeves. 
Figure  9  shows  the  results  of  these 
tests. 

DISCUSSION 

The  analytical-experimental  results 
of  this  investigation  are  summarized  in 
table  1. 

The  experimentally  determined  re¬ 
sponse  of  the  mass  isolated  with  a  ring 
spring  shows  good  isolation  characteris¬ 
tics  as  compared  to  a  helical  spring 
(reference  2)  where  local  surging  is  ob¬ 
served.  The  ram  acceleration  of  116g 
reduced  to  a  mass  response  of  1.61 g  gave 
98  percent  isolation.  The  local  response 
results  are  in  fair  agreement  with  the 
experimental  results.  In  the  experi¬ 
mental  record  no  surging  was  observed, 
but  the  natural  frequency  of  the  ring 
spring  Isolator  was  found  analytically 
to  be  220  Hz.  The  local  response  study 
showed  a  peak  response  acceleration  am¬ 
plitude  of  the  mass  of  0.8g  at  230  Hz. 
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Fig.  9  Response  of  a  960  lb  Mass  isolated  by  TVo  Ring  Sp»-*>  gs 
Subject  to  a  High  Rate  Input  Loading 
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Table  1 

A  SUMMARY  07  THE  EXPERIMENTAL-ANALYTICAL  RESULTS  OF  THE  RESPONSE 
07  A  RING  SPRING-MASS  SYSTEM  TO  HIGH  RATE  INPUT  LOADING 


Time 

(ma) 

Ram 

Disp. 

(in.) 

Ram 

AcceL 

(8) 

08 

0 

wm 

0.006 

BS 

0.C3 

-0.259 

l  ■ 

0.043 

-0.238 

-23.0 

0.06 

-0.151 

■S3 

0.066 

HF9 

m 

0.07 

0.194 

i 

0.C91 

1.858 

116.0 

0.095 

1.728 

--- 

0.110 

0 

-37.0 

0.112 

*0.087 

— 

0.120 

-0.475 

«•« 

0.128 

-0.755 

•  esse. 

0.146 

-0.994 

0.157 

-0.865 

... 

0.169 

-0.583 

•  -m  w 

0.183 

-0.346 

m  » -W 

0,220 

mm 

•»*»!• 

0.30 

n 

'  ■*» asm 

Relative  Mae  a 

Displacement 

(In.) 


B5i 


Anal. 

#21 


Mass 

{Acceleration 

(&) 


Exp. 

#15A 


Anal. 

#21 


Mass 

Veloclt  v 
(tn./aec) 
Exp.  {Anal. 
#15A  |#21 


Secondary 

Effects 


Exp. 

#15A 


Anal. 

#21 


Fundamental 
Natural 
Frequency 
First  Mode 
Damping 


-0.22 


2.42 


-0.24 


+1.91 


1.41 


3.04 


-1.37 


■1.64 


-1.61 


-2.61 


-1.04 


1.05 


-4.68 


23.4 


>1.50 


-30.0 


45,01 


t 


$ 

oc 

a 

w 

s 

* 


t 

o. 

o 

w 

ns 

O  nO  O 
C«4  *  <*> 
Wf4  N 

I  I  « 


*  .3  3 

WWW 

«  m  m 

WWW 
M  W. 

fa.  fa.  fa. 


CONCLUSIONS 

It  can  bo  concluded  from  this  study 
that  the  ring  spring  to  an  excel  lent 
shock  Isolator  for  attenuation  of  high 
rate  loading  phenomena.  High  frequency 
vibration  of  the  Isolated  mass  due  to 
spring  surging  Is  nut  obtained  because 
the  local  Coulomb  damping  forcea  In  the 
spring  control  thti  phenomena.  From 
this  result,  It  can  be  concluded  also 
that  externally  generated  high  frequency 
phenomena  would  be  attenuated  by  the 
ring  soring. 

'vhe  major  disadvantage  of  the  ring 
Is  the  ratlleapace  required  for  Its  use. 
Ita  ratio  of  free  height  to  solid  height 
Is  large  due  to  the  small  deflections 
obtained  per  rtng.  In  order  to  use  the 
ring  spring  In  practical  rltuationt, 
many  rings  must  be  stacked  in  series. 
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DISCUSSION 


Mr.  Clevenson  (Langley  Research  Center): 
You  the  compressive  characteristics  of 

your  spring.  Can  wo  assume  that  the  tensile 
characteristics  are  similar? 

Mr.  Eahleman:  It  can  not  take  tension.  It 
must  be  used  in  a  situation  where  it  is  com¬ 
pressed  and  then  released.  There  are  no  ten¬ 
sion  characteristics. 

Mr.  Schell  (Navel  Research  Laboratory): 
How  would  they  oe  stacked  mechanically  ? 

Mr.  Eahleman:  We  put  a  poet  on  the  out¬ 
side  and  a  post  on  the  inside,  like  a  telescoping 
device  with  the  spring  in  between. 

Mr.  Plunkett  (University  of  Minnesota): 

1  am  concerned,  in  this  kind  of  Bevies,  with 
respect  to  damping  that  unless  you  reverse  the 
motion  you  in  fact  get  no  dissipation  at  all. 
Wouhto't  you  think  it  would  be  possible  to  get 
s  high  frequency  vibration  on  top  of  a  relatively 
long-travelled  low  frequency  vibration  that 
would  see  no  damping? 

Mr.  Eahleman:  l  think  if  you  used  *  single 
spring,  this  is  possible.  We  used  a  double 
spring,  one  on  etch  side,  so  one  of  them  was 
always  In  compression.  It  is  difficult  to  use 
one  because  it  does  not  take  any  tension.  Yes, 


you  could  get  the  high  frequency  transmitted  if 
you  used  It  that  way,  but  if  you  use  it  always 
with  one  side  in  compression,  then  I  think  you 
get  the  damping. 


Mr.  Oertel  (Kinetic  Systems):  You  made 
the  observation  that  there  would  be  high  fre¬ 
quency  attenuation.  Judging  from  the  hysteresis 
or  the  force  deflection  curve,  with  the  friction 
bowtie  loop  on  it,  I  would  suspect  that  near  the 
end  of  the  stroke  of  the  spring  where  the  fric¬ 
tion  hysteresis  force  would  be  rather  significant, 
you  would  be  essentially  locked  out  friction* 
wise  and  any  high  frequency  vibrations  within 
that  friction  band,  interpreted  in  terms  of  g 
relative  to  the  load,  on  the  spring,  would  be 
locked  out  and  transmitted  directly  through 
with  the  usual  disadvantage  of  s  friction  damped 
system. 

Mr.  Eehltroan:  You  must  remember  that 
during  the  use  of  the  spring,  and  during  the 
motion  each  spring  is  in  s  different  part  of  the 
hysteresis  curve.  That  curve  is  s  static  curve, 
but  really  It  is  a  massive  dynamic  system.  That 
means  that  while  at  one  end  of  the  spring  you 
may  be  on  one  part  of  the  hysteresis  curve,  an 
the  other  end  you  may  be  on  s  different  part. 
There  may  be  occasions  when  what  you  say  is 
true. 
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SHOCK  MOUNTING  SYSTEM 
FOR  ELECTRONIC  CABINETS 


W.D.Delany 

Admiralty  Surface  Weapons  Establishment 
Portsmouth,  U.K. 


(U)  Shock  and  vibration  isolation  of  electronic  equipment  on  naval  ships  j 
can  be  adequately  provided  by  a  viscous  damped  spring  system  which  has 
a  vertical  natural  frequency  of  6  Hz,  damping  0.15  critical,  and  a  relative  ’ 
displacement  of  2j  Inches.  The  major  difficulty  in  the  design  of  shock 
mounts  for  general  use  is  meeting  these  requirements  when  an  additional 
constraint  is  applied  of  limiting  the  space  which  the  system  may  occupy, 
such  as  for  a  tall  cabinet  in  the  usual  environment  in  a  ship's  compartment. 

A  usel  1  shock  mo<int  should  not  fall  on  repeated  deflection  due  to  cither 
shock  r  vibration,  nor  should  its  performance  vary  unduly  with  temperature. 
An  experimental  shock  mounting  system  has  been  designed  to  meet  these 
requirements.  Results  are  given  of  some  shock,  vibration  and  endurance 
tests. 


INTRODUCTION 


A  commonly  used  electronic  cabinet  in  RN  ships 
has  the  dimensions:  5-6  ft.  height  by  2ft  x  2ft  plan, 
and  weight:  400-600  lb.  Such  cabinets  may  be 
banked  closely  together  in  rows,  and  are  usually 
mounted  on  a  plinth  against  a  bulkhead,  but  arc 
sometimes  free  standing.  There  is  often  only  very 
limited  headroom  above  the  cabinet  due  to  the 
presence  of  cable  trays,  and  ventilation  ducting. 


comprom'se  for  these  requirements: 

Natural  frequency  6  Hz 
Damping  0.  Id  critical 

Deflection  +  2|  inches 

This  allows  an  acceleration  on  the  load  of  9g  a! 
maximum  deflection. 


The  experimental  shock  mounting  system 
described  was  designed  specifically  for  this 
application.  The  main  objective  In  Its  development 
was  to  Isolate  such  a  cabinet  from  any  number  of 
shocks  of  any  degree  that  would  be  lethal  to  a  ship, 
without  Increasing  the  prescribed  space  necessary 
to  nchlcv?  this. 

SPECIFICATION  OF  MOUNTING  SYSTEM 

Assuming  a  viscous  damped  spring  system,  it 
was  considered  that  the  vertical  natural  frequency 
should  be  as  low  as  possible,  subject  to  the 
amplitude  being  acceptable  for  resonance  at  the 
subharmonlcs  of  ship  whipping.  The  damping  must 
take  account  of  this  and  also  be  sufficient  to 
minimise  the  effects  of  fatigue  on  components  In 
the  electronic  cabinets. 


It  must  be  recognised  that  to  some  extent  the 
specification  and  the  design  of  any  shock  mounting 
system  are  dependent  on  each  other.  If  the  main 
criterion  were  minimum  deflection  the  use  of  a 
non-linear  spring,  or  non-linear  damping  might 
be  required.  In  the  design  described  however  the 
above  specification  is  adequate,  and  is  generally 
accepted  as  such. 

The  additional  constraints  implied  in  the 
requirement  of  the  design  were  that  the  Isolating 
system  should  occupy  the  minimum  apace, 
particularly  above  the  cabinet,  and  between  bnae 
and  deck.  It  should  also  withstand  all  likely  ship 
transmitted  shock. 


Experience  based  on  these  assumptions  has 
shown  the  following  specification  to  be  a  reasonable 
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DESCRIPTION 


Fig.  <  is  a  photograph  of  a  test  fra  rue  carrying 
an  electronic  cabinet  on  the  mounting  system. 


Fig.  1.  Side  view  of  mounting  system. 

The  spring  suspension  is  at  the  base  and 
consists  of  four  glass  reinforced  plastic  (G.  R,  P, ) 
leaf  springs. 

Fig.  2.  is  a  photograph  of  one  of  these  springs 
which  Is  a  hot  press  moulding  of  epoxy  resin  and 
continuous  glass  filaments  laid,  longitudinally. 

The  outer  surface  of  the  moulding  is  glass  cloth, 
which  binds  the  filaments  together  nr  -  prevents 


splitting.  The  middle  region  of  each  of  the  spring 
leaves  is  reduced  in  thickness,  in  order  to  obtain 
low  stiffness,  st  the  same  time  keeping  the 
stresses  low  in  the  region  of  the  fixing  bofts- 
Countersunk  washers  arc  beaded  to  the  mouldings 
to  spread  the  clamping  iorce,  and  do  not  encroach 
os  the  space  available- for  deflectleA. 

Fig.  3.  is  a  photograph  of  the  combined  back 
fixing,  lateral  spring,  and  damping  mechanism. 

It  consists  of  two  foam  butyl  rubber  pads  bonded  to 
a  "metal  plate  attached  to  the  cabinet,  which  passer 
between  two  rollers  itva  frame  attached  to'  the 
ship’s  bulkhead. 


Fig.  3.  Damping  mechanism. 


Fig.  2.  (i,  It.  I1,  leaf  spring. 


ASSEMBLY  OF  CABINET  AND  SHOCK  MOUNTING 
SYSTEM 

This  would  be  carried  out  on  board  ship  as 
follows.  The  roller  frame  would  be  attached  to  the 
bulkhead  by  bolts,  or  welding,  on  operation  for 
which  there  need  be  little  precision.  The  springs 
are  bolted  to  the  plinth,  or  directly  to  tho  deck  ii 
suitable,  and  would  have  to  be  located  ty  a  Jig,  The 
cabinet  to  which  a  suitable  buck  bracket  had 
previously  been  fixed  would  then  be  brought  to 
position  on  tho  springs  and  bolted.  The  sandwich 
plate  would  be  pushed  betwe^.j  the  rollors  and 
bolted  to  the  back  bracket  on  the  cabinet. 

In  some  cases  it  may  be  more  convenient  for 
the  foam  rubber  plate  to  be  arranged  In  one  of  the 
alternative  ways  Illustrated  in  Fig.  4. 
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Fig.  4.  Side  view  of  alternative  installations. 

Freo  standing  consoloe  which  mv  jt  not  be 
attached  to  the  deckhead  will  require  a  false 
bulkhead  to  be  fixed  to  the  deck  to  provide  a  rigid 
fixing  for  the  damping  mechanism,  This  may  be 
behind  the  console,  or  alternatively  smaller  ones 
could  be  placed  either  side  if  more  convenient. 

When  the  cabinet  is  mounted  in  position, 
electrical  cables,  wator  hoses,  flexible  air 
ducting,  etc.  may  be  connected,  due  allowance 
being  made  for  full  deflection  of  the  mounting, 

ADVANTAGES  OF  SYSTEM 

These  are.- 

1.  Shock  isolation  up  to  ship  lethality. 

2.  Minimum  space  requirement  above  and  below 
cabinet. 

3.  Easy  installation,  not  requiring  high  precision. 

4.  No  maintenance  required. 


5.  Reliable  ~  can  easily  be  Inspected. 

6.  Not  subject  to  fatigue  -  long  life  expectancy. 

7.  Wide  temperature  operating  range. 

8..  . Resistant  to  chemical  and  oil  attack. 

9.  Overhead  cable  entry  torthc  cabinet  is 
facilitated. 

M>,  Wide  manufacturing  tolerances  are  acceptable, 

11.  lateral  shock  isolation  is  provided,  with 
independently  adjustable  stiffness. 

12.  Damping  material  utilised  in  displacement 
diK-  to  shock  is  not  statics  1  ly  loaded ,  and  not 
subject  to  creep. 

13.  Damping  material  is  loaded  only  by  compression 
during  shock  motion. 

14.  Non  magnetic ■-  could  be  non-metalllc  if 
required, 

15.  Lew*  Cost. 

16.  No  backlash  in  damping  mechanism. 

DESIGN  DATA 

O.R-P,  Spring 

Material:  Epoxy  resin  with  anhydride  hardener/ 
glass  filament,  press  moulded  at  100°C  for  4  hours. 
Glass/ resin  ratio  80%  midway  along  spring 
gradually  reducing  towards  ends  to  60/70%. 

Nominal  load  per  spring  100  lb. 

Vertical  height  unloaded  4,  i  inches. 

Vertical  height  loaded  3.5  Inches. 

Width  3.0  Inches. 

Overall  length  14  inches. 

Available  deflcction-compres3ion  2.7  inches. 
Available  deflection -extension  3.0  inches. 

Calculated  maximum  stress  at  100  lb  load  = 

8.  7001b/ sq,  inch. 

Fatigue  tests: 

g 

10  cycles  at  amplitude  0. 064  inch  peak  to  peak  at 
18  Hz. 

30  minutes  continuous  at  amplitude  2.5  Inches 
peak  to  peak  at  6  Hz. 

No  deterioration  was  observed  on  conclusion  of 
ihese  tests. 
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LOAD  (LBS)  LOAD  (LBS)  LOAD  (L83I 


Fig.  5.  shows  typical  laad/deflecilon 
eharacterlstica  Jar  one  spring  for  a  range  of 
tempo ratures.  The  springs  were  tested  in  pairs. 


Fig.  Q  Loud/deflcction  curves  of  G.R.  1\  spring 


Damning  mechanism 

Material:  Foam  butyl  rubber  -  commercial 
grade  used  in  tbe  building  industry. 


Density 
Width 
Thickness 
Compression 
Roller  dia. 
Roller  length 

LABORATORY  TESTS  . 


36  ib/eab.it. 
8  inches 

1  inch 
0.7  inch 

2  inches 
18  inches 


The  cabinet  shown  in  Fig.  1.  was  the  mounting 
system  tested.  The  cabinet  weight  was  400  lb, 
dimensions  5ft  height  fay  2i't  x  2ft  plan,  and  the 
height  of  the  C.G.  was  32  Inches  above  base  level. 
Four  springs  were  used  for  the  mounting,  and  one 
damping  mechanism  was  used  for  back  fixing. 

Vibration  tests  were  carried  out  at  A,  S.-W.E. 
and  the  results  are  given  in  Table  1.  The  decrease 
in  amplification  at  the  lower  amplitude  in  the 
Vertical  direction  should  be  noted,  which  is 
probably  due  to  a  coulomb  friction  effect  in  the 
plain  roller  Bearings. 

TABLE  1.  Vibration  tests. 


Direction 

Natural 

Frequency 

(Hz) 

Input 

amplitude 

(Inch) 

Peak  to  Paak 

Amplification 

Vertical 

5.5 

0.010 

2 

0.020 

4 

Horizontal 
(par  alia! 
with 
roller 
axis) 

4.2 

0.02 

10 

Horizontal 
(rt.  angles 
to  roller 

5.6 

0.02 

12 

axis) 

Shook  tests  were  carried  out  at  Admiralty 
Engineering  Laboratory,  West  Drayton,  Middlesex 
on  the  Admiralty  2  ton  shock  test  machine. 

This  machine  consists  of  a  horizontal  table  which 
is  struck  from  below  by  a  projectile  driven  up  a 
vertical  tube  by  compressed  air  released  from 
a  storage  chamber. 
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TABLE  2,  Shock  Tests 


MEASURED  RESONANT 
FREQUENCY  OF 
SYSTEM  VERTICAL  AND 
HORIZONTAL  $.5  Hz. 

DECK  (input) 

CABINET  (Load) 

DEFLECTION 
(In  Direction  Of  Shock) 

Test 

Applied 

Velocity 

Deceleration 

Acceleration 

Velocity 

Deceleration 

Compression 

Extension 

No. 

Direction 

dealer  etion 

is) 

(ft/sec) 

<g> 

(g) 

(ft/MC) 

(g> 

(inches) 

(inch*) 

1 

Vertical 

74.5 

15.6 

51.0 

2.46 

1.76 

2.71 

1.9 

2.97 

2 

Vertical 

250.0 

26.2 

125.5 

1.74 

1.12 

1.58 

1.78 

1.8 

3 

Vertical 

480.0 

34.8 

197.0 

1.83 

1.12 

1.68 

1.3 

1.5 

Limit  Of  Ttst  M«chint'i 

Capabilities 

■ 

At  Top  Of  60  Inches 

High  Cabinet 

n 

Horizontal 

28.4 

5.5 

24.4 

1.45 

1.14 

1.33 

1.2 

1.12 

fl 

(along 

49.6 

8.0 

40.0 

1.98 

1.18 

2.44 

1.27 

1.08 

fl 

roller  axis) 

69.8 

11.25 

60.7 

3.62 

1.75 

3.11 

1.24 

1.89 

These  results  were  obtained  at  a  temperature  of  20°C  approx. 

The  same  four  springs  and  damping  mechanism  were  used  throughout  the  tests. 


CONCLUSION 

The  experimental  shock  mounting  system  for 
electronic  cabinets  described  in  this  paper  has  a 
number  of  practical  advantages.  The  results  of 
laboratory  tests  have  shown  that  the  protection 
given  against  any  transmitted  shock  up  to  lethal 
severity  in  the  naval  ship  environment  should  be 
adequate. 


The  system  has  not  yet  been  subjected  to  test 
on  board  ships  however.  Trials  on  an  RN  destroyer 
are  taking  place  in  October  1971  to  evaluate 
Installation,  ship  machinery  vibration,  shock  due  to 
mortar  explosions  and  sway  in  henvy  seas.  The 
system  will  be  further  tsstod  in  1972  on  a  target 
ship  of  destroyer  size  which  will  be  subjected  to 
shock  of  lethal  severity. 


DISCUSSION 


Mr,  Pakstys  (General  Dynamics i  Corporation): 
I  noticed  in  the  vertical  shock  test  the  second 
set  of  values  were  less  than  the  first  set  of 
values  even  though  the  input  was  larger.  Is 
there  a  good  explanation  for  that? 

Mr,  Delany:  I  do  not  have  an  explanation 
other  than  that  the  first  set  of  values  may  be 
nearer  the  natural  frequency  of  the  system. 
There  must  be  some  sort  of  interaction  between 
the  testing  machine  and  the  Bystem  under  test. 
But  this  is  quite  right,  there  was  actually  less 
deflection  for  the  larger  shocks. 


Mr,  Koen  (Bell  Telephone  Laboratories): 
What  were  the  time  intervals  of  each  of  your 
shock  tests? 

Mr,  Delany:  Is  it  of  any  help  if  I  give  you 
the  velocity  in  feet  per  second  in  addition  to  the 
applied  accelerations?  It  would  be  something 
corresponding  to  sine  input. 

Mr.  Tlnn  (Admiralty  Engineering  Labora¬ 
tory.  West  Drayton,  Mlctdlesex):  Hie  shock 
machine  is  a  long  tube  and  there  is  a  collapsible 
bullet  which  is  fired  with  compressed  air.  When 
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Mr.  Koen:  What  was  the  shock  pulse  shape? 


it  strikes  the  anvil  this  puts  the  input  shock  into 
the  system  and  the  shape  is  controlled  by  the 
collapsing  head  oo  the  slug.  The  deceleration 
pluu, ;  is  controlled  by  the  damper  settings  on 
the  table.  This  is  the  Admiralty  Standard  2 
Ton  machine  which  takes  items  up  to  2  tons 
total  weight. 


Mr.  Delany:  The  shape  is  controllable  to 
a  certain  extent  in  that  they  usually  try  to  obtain 
something  approximating  a  damped  sine  wave  in 
the  velocity. 


METHODS  OF  ATTENUATING 
PYROTECHNIC  SHOCK 


S.  Barrett  and  W.  J,  Kacena 
Martin  Marietta  Corporation 
Denver,  Colorado 


A  series  of  tests  nas  been  performed  to  evaluate  the  shock  reduction  ef¬ 
fects  of  using  various  materials  as  shock  Isolators  both  at  component 
mounting  locations  and  at  mechanically  fastened  structural  joints.  This 
paper  describes  these  tests,  presents  the  results,  and  compares  the  ef¬ 
fects  of  the  various  shock  Isolation  configurations  on  a  shock  response 
spectrum  basis,  _  _  _ 


INTRODUCTION 

Mechanical  pyrotechnic  devices  are  widely 
used  on  space  vehicles  to  perform  many  vital 
mission  functions.  Unfortunately,  a  high- 
intensity  pyrotechnic  shock  environment  usually 
results  as  an  undesirable  side-effect  of  their 
operation.  The  severity  of  this  environment 
varies  with  the  kind  of  device  and  Its  location 
relative  to  sensitive  components.  In  the  past, 
most  vehicles  used  relatively  few  pyrotechnic 
devices  and  good  design  practice  had  the  more 
sensitive  components  mounted  as  far  as  possible 
from  the  devices  to  minimise  the  shock.  How¬ 
ever,  the  trend  on  more  recent  vehicles  la  to 
use  Increasing  quantities  of  pyrodevica*  (SO  or 
more),  making  It  impossible  to  rely  on  distance 
alone  to  attenuate  the  pyrotechnic  shock  envi¬ 
ronment  reselling  sensitive  equipment. 

Failures  during  shock  qualification  teats 
and  actual  flights  (1,2]  have  shown  that  pyro¬ 
technic  shock  can  be  a  critical  environment  for 
certain  types  of  electronic  components.  A  need 
to  develop  techniques  for  attenuating  pyro¬ 
technic  shock  clearly  exists  end  the  purpose 
of  this  study  was  to  identify  and  evaluate  such 
techniques.  The  study  was  sponsored  by  the 
Natlonel  Aeronautics  and  Space  Administration, 
Langley  Research  Center,  Hampton,  Virginia, 
under  Contract  NAS1-90QQ. 

Four  basic  approaches  are  apparent: 

1)  Reduce  the  shock  produced  by  the  pyro¬ 
technic  source; 

2)  isolate  the  shock  source  from  lte  sup¬ 
porting  structure; 

3}  Increase  the  attenuation  occurring  in 
mechanical  joints  in  the  shock  path  be¬ 
tween  the  source  and  components; 

4)  Shock-mount  components. 


These  approaches  are  listed  In  their  order 
of  desirability;  obviously,  if  1)  could  be 
achieved  effectively,  then  the  problem  would  be 
solved.  However,  it  may  not  be  possible  to 
modify  and  requallty  a  piece  of  flight  hardware 
in  the  time  available  on  a  particular  program; 
in  addition,  such  a  solution  would  probably  be 
different  for  each  kind  of  device.  The  second 
approach  is  also  greatly  dependent  on  the  In¬ 
dividual  application.  Separation  nuts,  for  ex¬ 
ample,  frequently  connect  major  structural  ele¬ 
ments  and  are  required  to  transmit  large  forces, 
so  there  are  obvious  restrictions  on  the  kind  of 
iaolation  materials  that  can  be  added  to  the 
system.  Thus,  the  last  two  approaches  listed 
are  probably  the  most  universal  in  their  ap¬ 
plication.  The  study  described  in  this  paper 
was  directed  toward  obtaining  test  data  on 
these  methods. 

When  the  shock  pulse  caused  by  a  pyrodevica 
travels  across  a  mechanical  interface,  some 
attenuation  of  the  pulse  occurs  due  to  the  re¬ 
flections  of  the  veve  ..ensmitting  the  energy. 
This  attenuation  can  be  increased  if  two  dif¬ 
ferent  materials  make  up  the  interface.  In 
this  context,  the  materials  are  required  to 
have  different  mechanical  impedances.  This 
phenomenon  is  discussed  in  deteli  in  Appendix 
A. 

Shock  mounting  of  seneitive  component*  esn 
be  achieved  in  several  ways.  Thee*  include  herd 
mounts  whers  the  impedance  mismatch  of  dls- 
eiallar  materials  providas  shock  reduction, 
mounting  brackets  where  the  impedance  affects 
of  brsekst  gsomstry  trs  important,  and  soft 
mounts  whers  raise ivs  motion  is  tha  significant 
paramster.  Of  thsss  tha  greetaat  chock  reduc¬ 
tion  ie  generally  achieved  with  the  eoft  mount. 
The  primary  effect  of  the  eoft  mount  is  to 
create  *  low-frequency  aingle-degree-ef-f reedom 
system  which  changes  the  shock  waveform  as 
though  it  had  bssn  trestsd  by  a  low-pass  ms- 
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chanical  filter.  The  low-pegs  mechenlcal  filter 
concept  is  described  in  detsil  in  Appendix  B. 

TEST  PROGRAM 

Joint  Attenuation  Tests 

A  number  of  tests  were  run  on  a  model  incor¬ 
porating  a  simple  mechanical  interface,  in  which 
different  materials  could  be  inserted.  A  shock 
pulse  was  applied  on  one  side  of  the  Joint  and 
the  shock  level  was  measured  on  both  sides.  The 
test  setup,  including  accelerometer  locations  and 
the  joint  details,  is  shown  in  Fig.  1  and  2. 


Three  families  of  materials  were  investi¬ 
gated.  These  were  metals,  hard  nonmetals,  and 
soft  nonm seals.  The  actual  materials  and  con¬ 
figurations  tested  are  listed  in  Table  1.  The 
Joint  was  first  tested  with  no  Insert,  to  pro¬ 
vide  i  basis  for  comparison  with  i.ibseqi'ent 
joint  configurations.  A  total  cf  35  joint  % 
configurations  was  tested.  In  every  case, 
the  effectiveness  of  the  configuration  was 
judged,  in  terms  of  the  resulting  shock  spectra 
on  the  side  of  the  interface  furthest  from  the 
input,  by  comparison  with  the  result  from  the 
untreated  Joint. 


(3.32  lb/ 1  in  ft) 


Fig.  1  Beam  Specimen  Test  Setup 


Fig.  2  Joi<  t  details 
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TABLE  1 

Joint  Configurations  (See  Fig.  2} 


Joint 

Conflguretfon 

Number 

Insert 

Meter!  alt 

Insert 

Washers 

Used 

Insert 

Thickness 

On.) 

Ourcmeter 
(Short  A) 

1* 

None 

No 

2 

Steel  (S) 

No 

0.060 

— 

3 

Magnesias  (M) 

Ves 

0.125 

-- 

4 

Teflon  (T) 

Yes 

0.125 

-• 

5 

Phenolic 

Yes 

0.100 

6 

fibergless 

Ves 

0.125 

— 

7 

Asbestos 

Yes 

0.125 

— 

8 

s-s 

No 

9 

T-M-S-T 

No 

.. 

10 

M-S 

No 

11 

M-S-M-S 

No 

f 

12 

S-M-5 

Ho 

t 

... 

13 

M-S-M 

No 

f 

.. 

14 

H-S-S-H 

No 

t 

15 

1  Steel 

No 

0.060 

Wether  (W) 

16 

2W 

No 

t 

17 

4W 

No 

t 

18s 

4W 

No 

* 

19 

6W 

No 

* 

20’ 

6W 

Uo 

.. 

21’ 

M-S-S-M 

No 

» 

.. 

22* 

None 

No 

.. 

23’ 

Neoprene 

Ves 

0.063 

50 

241 

Neoprene 

Yes 

0.063 

60 

25* 

Silicon  Rubber 

Ves 

0.063 

50 

26J 

VI  ton  A 

Yes 

0.063 

75 

27’ 

Adlprene 

Yes 

0.060 

87 

28’ 

VI  ton  A 

Yes 

0.125 

75 

29’ 

Neorrene 

Yes 

0.250 

80 

30’ 

VI  ton  A 

Yes 

0.094 

75 

31J 

Neoprene 

Ves 

0.125 

50 

X. 

Neoprene 

Yes 

0.250 

50 

33’ 

A1  uninun 

Yes 

0.250 

... 

Altatlnum 

No 

0.250 

.. 

35’ 

Leed 

Vet 

0.100 

- 

[•Hard  Joint  (baseline)  configurations. 


'Thickness  of  multiple  Intern  Is  the  tup  of  Individual  thlcl- 
net  jet  previously  lilted. 

'loose  Joint, 

Rubber  lleevet  eround  bolts. _ 


The  reeulte  art  suaaariaed  in  Table  2.  with 
typical  coaparaUva  shock  apactra  shown  in 
Fig.  3  through  tt. 


Coagonant  isolation  lasts 

Shaker  tasts  wets  performed  on  15  different 
coaponant  coni Igurst ions.  Fourteen  of  these 
involved  the  1,39-lh  coaponant  depleted  in  Fig. 
9.  Tha  input  shock  shown  in  Fig.  iu  was  syn¬ 
thesised  using  Ling  Shock  SyntheeisMuaiysit 
equipment .  Tasting  proceeded  lirst  with  a 
hard  mounted  configuration,  followed  by  13 
soft  aounted  configurations.  The  soft  mounted 
configurations  utilised  a  pair  of  soft  washers 
to  siauiata  commercially  available  grotaeet- 
type  mounts.  Table  3  presents  tha  relevant 
configuration  data. 


Table  4  ehowe  these  test  results  in  ths 
fora  of  psrcsnt  of  rsduction  in  shock  levtl  at 
ths  sptctrua  pesk.  and  Fig.  11  and  U  iliuatrata 
typical  ahock  response  apactra  at  accaleroa- 
star  location  2  for  tha  hard  mount  and  othar 
conf igurationa. 


TABLE  2 

Observed  Shock  Reductions  from  Joint 
Isolation  Tests 


Joint 

Configuration 

Number 

Shock  Reduc 
Mount)  at  S 

tlon  (Relative  to  Hard 
pectrun  Peaks  (T) 

Location  2 

Location  3 

Location  4 

2 

16 

22 

3 

20 

14 

4 

40 

25 

5 

4 

11 

6 

12 

14 

7 

16 

14 

8 

32 

31 

9 

20 

20 

10 

36 

51 

a 

40 

34 

12 

34 

40 

13 

40 

17 

14 

32 

40 

15 

24 

34 

16 

0 

6 

17 

0 

14 

18 

46 

48 

19 

16 

20 

20 

56 

62 

21 

40 

40 

23 

0 

21 

24 

0 

0 

25 

47 

42 

26 

14 

15 

27 

23 

42 

28 

35 

50 

29 

23 

47 

30 

42 

42 

31 

44 

52 

32 

41 

40 

33 

17 

15 

34 

17 

0 

35 

35 

40 

Fig.  3  Shock  reduction  across  untreated  joint. 
Configuration  1 
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F4a.  6  Shock  ipoctn*  coop*M*o«,  w«Ui  mi  Fij.  9  Cowpootflt  *hock  UU  i«tup  «4  «w«t 

without  rubt#r  kcceltramtor  2  d*UH» 


Fig.  11  Typical  component  shock  spectra. 
Accelerometer  2 


Fig.  10  Input  shock  spectrum  range  for 
component  tests,  Acceleroeeter  1 

TABLE  3 

Component  Isolation  Configurations 


TABU  4 

Observed  Shock  Reductions  from  Component 
Isolation  T«i,ts _ _ 


Component 

Configuration 

Muxtwr 

Approximate 
MsieUsd  Natural 
Frequency  (Ha) 

Shock  Reduction 
Relative  to 

Hard  Hjunl  (t) 

2 

•  .* 

0 

3 

100 

25 

4 

MO 

33 

5 

35 

88 

6 

450 

-  84 

7 

450 

71 

V 

600 

41 

9 

SSO 

50 

10 

120 

5 

11 

22S 

84 

12 

300 

90 

13 

360 

81 

14 

100 

94 

Fig.  12  Typical  component  shock  spectra. 
Accelerometer  2 


ru  finil  cenf  Ifu.'etidn  wee  a  jl-in  ni.tr 
package  mounted  on  Tour  Lord  Kll-lO  center- 
bonded  mount*  to  produce  *  mounted  natural 
frequency  of  apprvalmtlely  JO  Ur.  The  *bock 
epectrum  dete  for  two  accelerometers  un  Lite 
fixture  and  two  on  ti»  package  are  presented 
in  rig.  iJ. 

ulsctrxsig*  or  stilus 

Joint Attetyet ion 

Mi*  reeulte  of  the  joint  attenuation  teet* 
laad  to  ll«a  following  observation*. 

A.  USUAL 

1.  ihe  mechanical  joint*  with  mo  insert 
provided  approximately  M>1  reduction  In  shock 
Spectrum  level  at  ell  frequencies  (rip.  J). 


IS 


2.  A  haat-ahrink  rubbar  sleeva  around  the 
bolts  fastening  ilia  Jeint  Introduced  signifi¬ 
cant  shock  reduction  (FIs-  6). 

1.  Assanollng  tha  joint  to  ba  loot# 
caused  additional  shock  reduction  across  tha 
!'tnt  (rig.  J). 

»,  KttAt  ihSUTK 

.1,  Load  was  tha  only  utaiUl  to  product 
significant  a  hock  taductlon  when  uaad  aloha. 

2.  Holt (pie  inaerts  o  f  ataal  or  aiaal 
wsahats  war#  no  aora  all  active  than  a  single 
ataal  insert,  giving  only  a  alight  reduction 

m*.  n. 

><  Altar uAta  layara  of  ataal  and  a**:)* 
alwa  at  l atari*  provided  tha  baat  reductions, 
up  to  Ki  or  4&i  (Fig.  !). 

*.  Any  redaction  achieved  through  tha  uta 
of  natal  inserts  only  applied  to  tha  upper 
frequency  range;  that*  waa  effectively  no 
reduction  ha  low  about  1 SOU  hr  (Fig.  *)< 

C.  HAM)  PW9t«AU 

l.  X#  significant  attenuation  waa 
•cltlvVad  watng  single  tneerta  of  hard  ooo- 

ettels. 

B.  WH  XuWtUAtS 

l.  Tha  thicker  tad  toft**  material* 
thawed  art*  than  AOS  shock  reduction  at 
hlghar  Crnfwaat  Is*.  with  a  taut  KS  reduction 
at  lower  f  roe  wane  laa  (Fig.  t). 


At  a  raault  of  tha  thaoratical  davalop- 
aanta  in  Appendix  A  and  attaapts  to  correlate 
thaaa  developments  with  tha  Joint  taat  data. 

It  waa  found  that  tha  attenuation  effaces  of 
tha  untreated  joint  and  of  the  isolated  Joint 
could  not  ba  predicted  analytically.  Although 
aeveral  joint  conf lguratlona  did  exhibit 
a hock  reduction  characteristics,  tha  bast 
estimate  of  attenuation  for  othar  configure* 
tiona  will  have  to  ba  baaed  on  empirical  re¬ 
sults  auch  as  those  presented  in  this  paper. 

Of  the  Joint  configurations  tasted  in  this 
study,  a  loose  Joint  exhibited  tha  greatest 
attenuation.  However,  tha  use  of  loose  Joints 
is  not  particularly  good  daslgn  practice  and 
ia  likely  to  create  more  problems  than  it 
solves.  Furthermore,  whan  tha  insert  ma¬ 
terials  used  at#  elastomers  or  lead,  which  are 
subject  to  cold  flowing  under  load,  the  time 
between  assembly  and  flight  may  degrade  tha 
efficiency  of  thaaa  materials,  thus  precluding 
thalr  use.  Finally,  cany  design  engineers 
frown  on  tha  uat  of  a  rubber  sleeve  around  tha 
fasteueva  at  major  structural  Joints.  Their 
rationale  is  that  it  la  bad  daslgn  practice  to 
rely  on  friction  to  carry  shear  loads  lu  a 
joint  that  ia  not  aup.oaad  to  displays. 

based  on  tha  results  of  thi.  study  and  the 
objac tiona  stated  above,  tha  aoet  practical 
Joint  Isolation  Insert  material  would  involva 
suit ipla  layara  of  two  or  more  metals.  Tha 
exact  configuration,  of  course,  would  depend 
on  the  availably  space  and  the  structural  ma¬ 
ter  tala  on  aach  aide  of  the  joint.  If  tha 
primary  structure  ia  Aluminum,  and  if  inserts 
of  steal  and  magnesium  ate  available,  as  they 
war*  In  this  study,  live  rscuemandsd  insert 
would  b#  four  alternate  layers  of  magnealun- 
steei-megnesium-aieel  in  order  from  the  shuck 
side  to  the  response  aide  of  tha  joint,  this 
ia  an  area  where  note  vast  dais  needs  to  be 
accumulated  in  order  to  Identify  the  Impor¬ 
tance  of  the  many  parameters  Involved,  other 
types  and  thicknesses  ol  material  should  be 
tried,  as  well  ea  different  forma  ef  shuck 
input.  Further  tasting  in  this  area  la  sched¬ 
uled  to  be  performed  by  the  esthete,  using  a 
.«(  model  mor  e  character  let  It  ef  e  teal  space¬ 
craft  end  actual  pyrotechnic  devices,  the  re¬ 
sults  ef  these  teats  will  be  eve- table  In  the. 
early  pert  of  IP?J. 

component  laolouen 

Bata  from  the  com*>«ee*t  isolation  caste, 
summer  teed  in  table  *,  indicate  that  the  shock 
attenuation  tend*  to  Increase  as  the  mounted 
natural  frequency  decreases .  this  trend  1* 
consistent  with  the  mechanical  filter  concept, 
and  is  illeatratad  In  Ftg.  1*. 

A  second  characteristics  el  a  mechanical 
filter  Is  a  slight  amp! It  lent  lea  af  the  shock 
spectrum  up  ta  the  meunted  natural  f  f  aqueety 
but  with  reduced  levels  at  higher  ft eg wane  la* . 


H 


frvt’dtmCy  (■»*} 

Fig.  14  Shock  reduction  versus  mount  frequency 

Thl*  characteristic  i*  also  quit*  evident  in 
the  data  presented  in  fig.  11  end  12.  On  the 
relay  pecks**  test.  The  existence  ot  low  fre¬ 
quency  amplification  could  not  be  verified 
because  ot  a  relatively  high  noise  level  in 
the  low-frequency  data. 

the  analytical  discussion  ol  a  shock 
mounted  component,  which  is  presented  in  Ap¬ 
pendix  4,  concludes  with  a  technique  for  pre¬ 
dicting  the  shock  reduction,  this  prediction 
technique  requires  a  shock  spec  true  of  the 
cotton  Input  to  the  component  and  knowledge 
of  the  counted  natu  tl  frequency,  it  ee*u*** 
(Ut  cot  tun  input  i»  impulsive  in  nature  and 
tiiat  the  ..emponeni  eaves  in  a  single  degree- 
ol-trsmdom  with  a  known  value  ot  damping  in 
the  mount. 

thl*  technique  was  applied  using  the  Input 
Shock  specttum  envelope  true  these  coeqMrneat 
test*  and  assuming  101  deeping  in  the  mount, 
in  *lg.  li,  the  -wild  tine  represents  the  pre¬ 
dicted  shsck  *< '.  ehuaMou;  the  dashed  line  also 
represents  tbs  predicted  attenuation,  but  here 
the  predict*  «  has  hero  reduced  by  an  arbitrary 
factet  v!  two. 
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Fiq.  IS  Ccusparivoa  bttsm  hrtt  data  and 
prediction* 


Although  the  dashed  curve  la  a  eore  con¬ 
servative  prediction.  It  also  appears  to  be 
■ore  descriptive  of  the  test  data,  particu¬ 
larly  for  the  higher  frequency  Mounts. 

This  noticeable  lack  of  correlation  be¬ 
tween  test  and  prediction  la  not  necessarily 
attributed  to  deficiency  in  the  prediction 
technique,  in  Fig.  lb,  the  data  points  repre¬ 
sented  by  caea  froe  shock  spectra  having 
ahapaa  characteristic  of  tha  nachanlcal  filter 
concept,  but  the  data  points  represented  by 
“e"  cane  froa  shock  spectra  having  an  Initial 
peak  at  tha  nount  frequency  and  a  higher  peak 
at  approximately  2000  He.  The  existence  of 
this  second  peak  (Fig,  12)  indicates  that  tha 
coeponent,  at  least  where  tha  response  accel- 
eroiseler  was  mounted,  did  not  operate  in  a 
single  degree  of  freedom.  Furthermore,  a 
2QO0-H*  natural  frequency  of  the  component’s 
structure  could  be  driven  by  e  rather  lightly 
danped  sinusoid  at  approximately  one-third  the 
frequency,  say  SSU  to  ?00  Mi, 

Tha  discussion  iamediatoly  precoding  may 
sound  like  ratlonaliration  to  justify  the  pre¬ 
diction  technique,  for  it  is  ths  opinion  of 
the  authors  that  tha  shock  response  of  a  soft 
mounted  component  is  relatively  predictable 
even  on  a  shock  spectrum  basis.  Ths  primary 
concern  of  an  equipment  designer,  of  course, 
is  usually  for  the  etfects  Of  shock  oo  the 
pills  inside  hi*  component.  Ihls  problem  l* 
not  very  amenable  to  analysis  because  of  the 
complexity  of  the  model  that:  would  be  required! 
however ,  it  is  considered  that  the  approach 
discussed  here  c*n  be  used  to  dative  an  esti¬ 
mate  of  the  ov*(#U  shock  environment  (ot  ait 
isolated  component. 

tOXtUkiUAi 

the  study  stunts  that  an  effective  and  prac- 
tital  method  sj  reducing  the  transmission  of 
high  frequency  shock  across  a  load-carrying 
structural  Joint  is  to  css  multiple  Insect*  of 
two  or  sore  metal*,  un  an  aluminum  structure 
U.«  best  result*  sere  obtained  with  larer*  of 
magnesium-steel -magnet  ue  steel,  starting  at 
the  impel  olds  of  the  Joint,  t>p  la  fill  total 
reduction  was  achieved  with  this  t*n< igwteticn. 
this  reduction  applies  only  W  the  high-ire- 
qwency  portion  of  the  shock  spectrum,  above 
IVXi  <t«  or  *».  Attempts  te  dative  an  analyt¬ 
ical  prediction  method  far  this  phenomenon 
were  not  successful. 

A  technique  was  developed  far  predicting 
the  degree  of  petetechnu  sheet  IsoUtian 
achieved  on  a  shock -mounted  component,  a*  s 
function  of  its  mounted  frequency  and  the 
input  shock  spectrum,  teds. t !*•*  *•  great  as 
ill  of  the  input  spectrum  peak  vttte  obtain*! 
during  teat,  waieg  elastomeric  gtommet-trpe 
mounts. 
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AFFgHOUC  A  -  IMPEDANCE  CONS  IDEJUI IONS 

ftafsraacaa  (3)  sod  (A]  praaant  son*  ana¬ 
lytic*!  dtvalopnants  that  ar*  raptttad  har#  to 
clarify  what  i*  aaaot  by  lapadaoc*  affacta  on 
aback  v#v*  tranaalaalon.  Tha  ayabala  uaad  art: 

f  forca  magnitude 

T  period  of  tin* 

*  wawa length 

A  daflactian 

A  croaa-aactioo  araa 

E  aoduloa  of  alaaticity 

o  density 


particle  d.Uplacanaot 
par tic  la  velocity 


>u 

™  attain 


c  u*v«  velocity 
t  solution  (one t ion 
t  taped  ar-ca 

Consider  the  generation  of  the  plana  cen- 
praaaion  vava  o <  Fig.  A*l.  th#  vav#  U  Intro¬ 
duced  by  ux  application  o<  a  unitor*  (orta,  (, 
appltad  longitudinally  to  tlx  and  t>(  the  bar  (or 
a  ahart  pariod  «(  tin*.  t,  revolting  in  a  *#»*■ 
length.  •,  and  da<lecti«a  tba  bar  a  length,  ... 


Potaatlal  aaar(y  • 

Elnatic  energy  ■  *j  eAXvi 

S' "  is  *  **  (*-D 

hotlca  in  tha  Eg  (A-l)  for  conaarvntion  of 
anar«y  that  half  tha  energy  la  kinetic  and 
half  la  potential.  Solving  (A-l)  for  particle 
velocity  ylalda 


Tha  aanantun  change  due  to  tha  applied 
iapulee  is 

Noaxoto*  change  »  .A.  (v  -  o) 
aad  th*  iapulaa  ia 

Applied  iapulaa  *  (T 

Tha  ispul*«/ao*entua  relationship  ia  then 

-  A‘v  •  (T  (A-)) 

Since  tha  vav#  front  propagate*  a  distance,  *, 
during  th*  tiaa,  T,  tha  wave  propagation 
velocity  Ut 


c  *  -  *  -i— 
S  iA» 


iubati tvt ion  of  (A-Ji  (or  V  in  equation  (A*4) 
given 


la  forv 


<c  *  yUt  (a 

IhraaaU  equilibria*  e(  Ux  diferaatul 
aiarxot  In  fig.  A-.‘r**«U*  in  th#  ona- 
dinaAvlunai  vava  aquation: 


Out“nq 


H  "rnriMTiTii — 

H  1  H“ 

fH-  *-l  #ev*  genaraf.on 


•  ha  eretgy  raiatienabip  i*  d*r**l«p*d  *» 

frliani 


Utatsti  work  •  (:•  • 


Sine*  the  diner  ant  tat  alenaat  repfiaant*' 
ionpraaaive  force*,  tenpraaviv*  atmaaaa 
viil  v*  convidatad  poalttv*.  Mev*v*t,  sfc>* 
te  th#  »i*n  coayantiva*  a«  u  and  a,  coapye.t- 

»ivv  *train  {  ti  negative.  bar**. 


-A  *  At 

■**  '*• 


—*j  '*|*— 


*U,  •*,  *(£ 


((*.0  •  >  a 


f*9.  S*i  U!  decent 


f(*,0 


When  (A-7)  and  (A-5)  ara  substituted  Into 
(A-d),  tha  wavt  aquation  (A-8)  raaults: 


Tha  for*  ot  tha  solution  to  tha  wav* 
aquation  can  b#  uoed  to  derive  a  relationship 
between  stress  and  particle  valocity. 

Solution  •  u  (x,t)  •  t  (*  -  ct) 


ia .  _• 

i*  * 


M  .  . 


eg  •*  -ct 


.Si  . 


ftom  (A-*),  C  •  c*o  and  (A- 10)  becoaas 


(A-il) 


equation  (A-U)  ha*  iOM  important  physical 
significance:  compraasiv*  stress#*  raault 
(j  r  0)  whan  tha  partlda  valocity  and  the 
wav*  valocity  ara  in  tha  «***  direction 
(cv  •  0),  and  t or  tanaila  strata**  tha 
particle  and  wav*  velocities  are  in  opposite 
direction*. 

being  tha  development*  presented  above, 
equilibria*  and  coaquilibllity  at  the  Joint 
in  Fig.  A-J  can  be  uaad  to  deeoaatrate  me¬ 
chanical  Impedance  of  facts.  At  the  Joint 
three  pl*»w  waves  «*Ut;  an  incident  wave, 
a  reflected  wav*,  and  a  ttanaalttev  wav*.  Ail 
waves  are  asnooed  to  be  tonpraaaivd,  and  tha 
length  of  the  joint  la  *o  snail  that  inertia 
of  tt*  Joint  la  a  h,l*#<v»  ordor  effect  and  can 
■bo  neglected,  the  eq-uMUit  lun  equation'  be- 


*»  *  V*  V 


u  U) 


vh<*i*  the  hobaceSpts  >■,  I,  and  t  refer  t;i  rht 
la*: ideo< ,  r*f  for.?  og.  vsd  t'eiitiiifl 
fvepec  lively.  ! 


vi  "  va  *  wt 


(A-U) 


Substitution  ot  (A -2)  Into  (A-U)  yldda 


Ai'i 


A^  Vv^l  ^  j  ^ 


(A-1*) 


Denoting  A  y»£  a*  tb*  nachanlcal  lnpodance  Z 
and  solving  Cq  (A-12)  and  (A-14)  simultaneously 
for  tho  ratio*  i^ft^  and  f  jl  gives: 


U .  Lz- 

*1 

fl  .  _i_ 


(A-U) 


where  *  la  the  Impede  nee  ra’io 
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APPENDIX  B  -  HECHAHICAL  FILTER 


Fig.  A-4  Plot  of  transmission  equation 


a net  is  probably  not  as  great  as  that  pre¬ 
dicted  by  Eq  (A- 18). 

Even  neglecting  re-reflection  and  con¬ 
structive  and  destructive  combinations  cl 
waves,  predictions  based  on  Equations  (A-15) 
through  (A-18)  are  not  very  accurate,  es¬ 
pecially  for  mechanically  fastened  joints. 

The  primary  problem  is  that  mechanical  joints 
are  not  perfect.  Figure  A-S  illustrates  that 
one  mechanical  joint  on  the  microscopic  jeale 
is  reaily  three  joints,  md  the  cross-section 
areas  of  sections  B  and  C  cannot  be  deter¬ 
mined  analytically.  These  unknown  section 
areas  preclude  a  reasonable  determination  of 
u  at  all  three  of  the  Joints. 


This  appendix  has  derived  some  of  the  equa¬ 
tions  governing  the  motion  of  plane  longitu¬ 
dinal  waves  and  has  illustrated  what  is  meant 
by  the  effect  of  mechanical  Impedance  at  struc¬ 
tural  discontinuities.  Fut the. more,  two  of  the 
falla’les  in  using  impedance  characteristics 
for  prediction  purposes  have  been  nointud  out. 
Finally,  a  wave  analysis  becomes  vastly  more 
complicated  when  waves  are  no  longer  considered 
planer  and  when  shear  and  flexural  waves  are 
inc  '.uded. 


Analysis  of  the  mechanics  of  structural 
motion  can  be  achieved  by  a  wave  approach, 
as  in  Appendix  A,  or  by  a  modal  approach.  It 
is  more  convenient  to  pursue  a  modal  analysis 
when  the  structure  tends  to  move  with  only 
one  degree-of-freedom.  Hence,  the  analysis 
that  follows  treats  ths  motion  of  a  shock 
mounted  component  as  a  aiagle-degree-ot- 
freedom  system  forced  by  a  motion  input  at 
the  base. 

When  the  hard-mounted  system  shown  in 
Fig.  B-l  is  farced  with  the  base  motion  4, 
the  shock  sensitive  element  inside  the  com¬ 
ponent;  will  also  be  forced  with  the  base  mo¬ 
tion  4.  Generally,  In  shock  analysis  the  po¬ 
tentially  damaging  input  to  the  sensitive  ele¬ 
ment  Is  greatly  simplified  from  4  to  the  shock 
response  spectrum  of  4.  For  the  components 
tested  during  this  study,  the  shock  spectrum 
at  the  base  was  in  the  range  depicted  in  F'ig. 
B-2. 

- .  —  '"I  Sensitive 

_ _  Element 


Hard  Mount 


Fig.  B-l  Hard  mounted  component 


Fig.  B-2  Envelope  of  component  test  data 

F’or  the  shock  mounted  component  operating 
In  a  single  degree  of  freedom,  the  idealized 
system  pictured  in  Fig.  B-3  results.  The 


equations  of  mot 

ion 

for  this 

two-degree-of- 

freedom  system  are: 

H  X  +  C  (X 

■ 

)  +  K  (X 

-  X,)  -  0  "J 

Ml  X!  t  C| 

-  4)  -  C 

(X  -  X,)  \ 

+  K) 

(X| 

-  4)  -  K. 

(X  -  Xj)  -  ol 
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(B-5) 


Fig  3-3  Shock  aiouhted  component 

If  the  ness  ratio  M/Mj  la  so  small  that 
the  notion  of  M  does  not  influence  the  no¬ 
tion  of  Mi ,  the  equations  of  motion  become 
uncoupled: 

M  X  +  C  (X  -  Xj)  +  K  (X  -  Xi)  -  0  (B-2) 

M[  Xi  +  Ci  (Xi  -  6)  +  X  (Xi  -  t)  -  0  (B-3) 

It  now  becomes  a  simple  matter  when  4  is  known, 
to  solve  Eq  (B-3)  for  Xj ,  which  is  base  motion 
input  to  the  sensitive  element  M.  Hence,  the 
system  in  Fig.  B-3  reduces  to  the  system  pic¬ 
tured  in  Fig.  8-1  where  the  motion  input  is  now 
Xj  Instead  of  4. 

For  shock  evaluation  of  the  soft  mount,  the 
shock  spectrum  of  Xi  is  the  Important  param¬ 
eter,  and  not  the  shock  spectrum  of  f.  Within 
the  limitations  of  some  additional  assumptions, 
the  shock  spectrum  of  X|  can  be  estimated 
based  on  the  shock  spectrum  of  6.  It  must 
first  be  assumed  that  4  is  impulsive,  in  nature 
and  not  a  sustained  transient,  this  means 
that  the  magnitude  of  the  shock  spectrum  of  £ 
at  tha  mounted  natural  frequency, 

h  (fl  '  ^7  V* i/Mi  )  ,  Is  almost  independent  of 

the  value  of„damplng  assumed  in  the  epactrum 
analysis  of  4 .  It  is  also  assumed  that  tha 
response  motion  of  the  component  is  a  damped 
sinusoid  of  tha  form 

Xi  -  A  sin  2  Ti  f,  yi  -  t'-  t  (B-4) 

where  f,  is  the  damping  ratio. 

The  maximum  value  of  Xi  In  £q  (B-4)  occurs 
at  approximately 


t  - 


4  fj  V1  ~  <2 


and 


*1. 


-  As 


Assuming  C  •  0.10  for  the  shock  mounted  com¬ 
ponent,  the  maximum  value  becomes 

X.  -v  0.854A  (B-6) 

■max  « 

Since  X;  is  known  from  the  shock  spectrum  of 
4,  Eq  (B-4)  becomes- 

Xj-  1.17  X1mx  e“°»2xf jt 

The  term  -  t2  does  not  appear  in  Eq  (B-7) 
aa  its  value  la  very  nearly  1,0. 


The  shock  spectrum  of  the  expression  in 
Eq  (B-7)  is  plotted  in  Fig.  B-4.  This  shock 
spectrum  is  the  effect  of  a  low-pass  mechan¬ 
ical  filter  (the  shock  mount)  on  the  original 
Input  shock  spectrum. 


Fig.  B-4  Shock  spectrum  of  damped  sinusoid  with 
10%  damping 


The  new  spectrum  peak  occurs  at  approxi¬ 
mately  the  natural  frequency,  fj,  and  the 
shock  level  is  slightly  amplified  at  all 
frequencies  below  f  j ,  but  reductions  occur 
at  higher  frequencies  in  the  flat  region  of 
the  spectrum. 

The  magnitude  at  the  peak  it  1.8  times  the 
modulus  of  the  damped  sinusoid,  which  is  1.17 
times  the  value  of  the  original  spectrum  at 
tha  frequency,  fj.  This  yields  a  total  empli- 
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is 


ficition  factor  of  2.1  ov«r  the  original  »p*c- 
trua  v«lu«  at  fj . 

..In  tha  low  fr«qu«nci*»,  th»  shock  spsetrua 
of  Xj  Is  as  yep  code  to  a  11ns  of  constant 
velocity  (a  slops  of  1  on  logarithalc  paper) . 
This  constant  velocity  11ns  Intercepts  ths  fre¬ 
quency,  fj,  at  an  acceleration  level  a  factor 
of  1.17  above  the  original  spectrua. 

If  the  curve  In  Fig.  B-4  really  does  repre¬ 
sent  the  shock  spectrua  of  X) ,  the  shock  reduc¬ 
tion  due  to  soft  mounting  can  be  predicted  as 
follows. 

1)  Determine  the  natural  frequency  of 
the  shock  mounted  component. 

2}  Read  the  acce'eration  magnitude  off 
cne  original  input  shock  spectrum 
curve  at  tha  natural  frequency. 

3)  Multiply  this  acceleration  value  by 
2.1  (1.17  x  1.8  for  C  -  0.1). 

4)  Calculate  the  percent  of  shock  reduc¬ 
tion  by  comparing  this  value  with  the 
peek  of  the  input  spectrum. 
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DISCUSSION 


Mr.  Deltrlck  (Hughes  Aircraft  Co.):  When 
you  are  using  these  soft  shock  mounts  on  com¬ 
ponents  are  you  concerned  with  thermal  control? 
Our  thermal  control  people  do  not  like  Isolated 
things  like  this  for  spacecraft,  hence  we  have 
been  rather  unsuccessful  at  soft  isolation. 

Mr.  Kacena:  We  do  not  like  to  either  unless 
there  is  a  good  reason  for  it.  We  have  some 
relay  packages  that  might  not  survive  the  types 
of  environment  that  we  have  predicted,  so  we 
have  soft  mounted  them  and  we  have  looked  at 
the  potential  problems.  Suppose  something  fails 
the  qualification  test  and  we  do  not  have  time 
to  redesign  it.  We  take  the  component  as  It  is 
to  find  out  what  it  is  good  for  by  qualifying  a 
couple  of  other  units,  and  if  we  find  one  that  is 
reasonable  and  it  finally  passes,  then  we  will 
try  to  shock  mount  it,  But  if  there  are  thermal 
problems,  such  as  a  transmitter  that  radiates 
a  lot  of  heat,  then  there  is  not  much  that  can  be 
done  except  to  put  it  as  far  away  from  every¬ 


thing  as  possible.  We  are  aware  of  this  problem 
but  we  hope  our  transmitters  do  not  fail 

Mr.  Thomas  (Honeywell  Incorporated):  What 
type  of  components  are  sensitive  to  this  type  of 
shock? 

Mr,  Kacena:  Relays  are  notoriously  sensi¬ 
tive  to  pyrotechnic  shock.  Other  components 
have  to  be  looked  at  subjectively.  For  example 
if  you  have  an  oscillator  that  has  a  fine  tuning 
screw  and  if  that  tuning  screw  does  not  have  a 
positive  lock  at  some  kind  it  may  turn.  That  is 
not  a  catastrophic  failure  such  as  when  structure 
goes  flying  all  over  the  place.  However  you  may 
get  some  pretty  garbled  data  back,  and  generally 
pyrotechnic  shock  failures  are  of  this  nature. 

Our  reliability  people  have  found  that  the  most 
significant  structural  failures  from  pyrotechnic 
shock,  are  in  the  realm  of  shocking  something 
to  its  qualification  level  eighteen  times.  Eighteen 
is  the  magic  number  and  things  start  to  fall,  al¬ 
though  that  may  be  a  bit  unrealistic. 
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ENERGY  ABSORPTION  CAPACITY  OP  A  SANDWICH  PLATE 


WITH  CRUSHABLE  CORE 


D.  Krajcinovic 
Argonne  National  Laboratory 
Argonne,  Illinois 


Presented  Is  a  simple,  approximate  dynamic  analysis  of  a  sandwich  type 
pressure  vessel  head  plate  with  a  significant  energy  absorbing 
potential.  The  analysis  is  based  on  the  propagation  of  a  compression 
(shock)  front  through  the  core  made  of  crushable  material. 


1.  INTRODUCTION,  BACKGROUND  AND  OBJECTIVE 

Basic  structural  requirement  of  a  nuclear 
reactor  pressure  vessel  design  is  the  absorp¬ 
tion  of  the  energy  associated  with  a  hypo¬ 
thetical  (design  basis)  accident.  Since  the 
vessel  itself  is  located  in  a  cavity,  the 
collapse  of  the  cylindrical  part  is  not  consid¬ 
ered  nearly  as  serious  as  the  rupture  of  the 
head  cover  plate.  The  reason  is  obviously  that 
the  rupture  of  the  head  plate  is  followed  by  a 
substantial  leakage  of  irradiated  substances 
(such  as  plutonlun  aerosol  and  liquid  sodium  in 
case  of  a  Fast  Breeder  Reactor)  from  the  vessel 
into  the  area  in  which  people  work.  It  is, 
therefore,  considered  imperative  to  design  out 
the  possibility  of  a  head  plate  failure  by 
providing  for  the  absorption  of  the  energy 
directed  upwards. 

To  this  end  two  alternatives  were  consid¬ 
ered  during  the  recent  design  of  the  FKTF  (Fast 
Flux  Test  Facility)  pressure  vessel.  According 
to  the  first  alternative,  in  addition  to  the 
strain  energy  dissipated  in  the  plastic  defor¬ 
mation  of  the  head  plate  Itself,  the  main  part 
of  the  energy  is  entrusted  to  an  externa) 
energy  absorbing  mechanism  such  as  a  system  of 
stretch  bolts  and/or  dashpots.  Obviously,  a 
substantial  motion  of  the  hiad  plate  is  neces¬ 
sary  to  trigger  this  extern  il  energy  absorbing 
system.  This,  however  results  in  loss  of 
plate-vessel  integrity  and  opening  of  substan¬ 
tial  potential  leakage  paths. 

According  to  the  alternate  idea,  the  ener¬ 
gy  absorber  is  located  within  the  vcaael  aa  an 
integral  part  of  the  head  plate.  This  design 
consists  of  an  upper  head  plate,  providing  the 
bending  stiffness,  rigidly  attached  to  supports 
and  the  cylindrical  part  of  the  vessel,  a  layer 
of  crushable  material  having  high  energy 


*Work  done  under  the  auspices  of  the  U.S, 
Atomic  Energy  Comnlsalon. 


absorbing  potential,  and  a  driver  plate  not 
attached  to  the  plate  with  main  purpose  to 
distribute  the  load  across  the  cross  section 
and  to  spread  it  over  a  longer  time  period. 

Two  major  benefits  of  the  latter  design  are  the 
fact  that  the  upper  plate  is  fixed,  enabling 
better  sealing  during  and  after  the  accident, 
and  (as  it  will  be  seen  later)  the  possibility 
of  the  choice  of  the  maximum  pressure  intensity 
to  be  transmitted  to  the  upper  plate.  A 
negative  feature  is  increase  in  vessel  length 
by  choosing  a  layer  of  honeycomb  of  excessive 
thickness.  In  order  to  avoid  this  problem  it 
is  possible  to  couple  two  designs  and  choose 
the  upper  limit  of  the  pressure  over  which  the 
head  plate  will  leave  supports  and  activate  the 
external  energy  absorbers.  In  this  case  only 
for  most  severe,  low  probability  accidents  one 
will  be  faced  with  the  leakage  problem. 

From  the  computational  point  of  view,  the 
second  sandwich  type  alternative  is  a  more 
complicated  one.  It  Is  our  objective  to  formu¬ 
late  a  simple  dynamic  model  which  will,  in 
early  stages  of  the  design,  provide  information 
leading  to  the  choice  of  optimal  geometrical 
and  material  parameters  of  the  entire  three 
layer  model.  To  this  end,  a  aeries  of  assump¬ 
tions  and  simplifications  will  be  introduced  in 
full  awareness  of  a  need  of  eventual  develop¬ 
ment  of  a  more  complete  computational  model. 

The  purpose  of  the  presented  computation  is  to 
provide  some  information  on  the  intensity  end 
the  pressure  time  history  for  the  upper  plate 
and  on  the  energy  absorbed  in  the  process  of 
crushing.  In  addition  to  this,  the  model 
should  provide  for  a  first  estimate  of  the 
Influence  of  various  design  parameters  on  the 
absorbency  and  finally  survivability  of  the 
entire  structure  for  a  given  accident, 

2.  COMPUTATIONAL  MODEL 

An  "exact"  analytical  description  of  the 
model,  even  for  the  axlsymnetrlcal  case,  would 
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Involve  a  set  of  nonlinear  (both  physically  and 
geometrically)  partial  differential  equations 
(a  mixed  nonlinear  initial  value  and  boundary 
value  problem).  Corresponding  solution  Is 
apparently  attainable,  if  at  all,  only  through 
application  of  large  computer  codes  being 
utterly  Inefficient  in  early  design  stages.  As 
It  is  usually  done  in  structural  problems  in 
order  to  simplify  the  analysis,  ve  will  approx¬ 
imate  the  real  structure  with  a  one-dimensional 
model.  As  far  as  the  upper  plate  (bent  by  the 
pressure)  is  concerned,  no  special  problem  is 
anticipated.  The  approximation  of  dynamically 
loaded  circular  plates  (deformed  elastically  in 
its  first  or  fundamental  mode)  by  a  one-dimen¬ 
sional  mass-spring  oscillator  is  a  routine 
engineering  approach.  In  the  case  of  plastic 
deformation,  the  procedure  is  not  any  more 
straightforward,  but  a  method  presented  in  [1] 
or  [2]  may  possibly  be  extended  to  cover  the 
case  when  the  load  (and  not  only  ideal  impulse) 
is  acting  upon  the  plate. 

The  crushabie  layer  is  approximated  by  a 
rlgid-perfectly  plastic-rigidly  locking  model 
(Fig.  1).  In  this  way  we  neglect  elastic 
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Fig.  1.  Stress-strain  law  for  the 
cruahable  material 

deformation  and  consider  matarial  as  being 
perfectly  rigid  up  to  some  crushing  pressure  pc 
at  which  the  skeleton  collapses  and  without 
further  load  increment  compresses  to  a  certain 
density  pc  (defining  also  some  ultimate  strain 
tc).  Once  cruahed  (compressed  to  pc)  the 
material  acts  as  incompressible.  Although 
extremely  simple,  this  type  of  behavior  Is  In  s 
very  good  accord  with  the  experimental  data 
reported  In  the  literature  (see  for  example 
Refs,  3-5).  We  should  probably  mention  that 
for  high  crushing  velocities  (highsr  than  what 
Is  expected  In  the  case  considered)  some  rather 
high  peaks  may  take  place  in  o-c  diagram  [3,5J. 
This  problem  may  be  alleviated  by  dimpling  the 
layer  on  both  surfaces.  The  main  source  of 
uncertainty  Is  the  definition  of  the  effective 
crushabie  ares  In  the  transition  to  a  one- 
dimenstonal  model.  This  depends  not  only  on 
tha  bending  of  both  platss,  but  also  on  the 


slug  radius  and  finally  on  the  designed  distri¬ 
bution  of  the  crushabie  layer  across  the  plate 
(penetrated  by  all  types  of  openings). 

As  a  result  of  our  choice  of  the  material 
model  for  the  crushabie  layer,  the  propagation 
of  elastic  stresses  Is  Instantaneous  throughout 
the  model.  Changes  in  relative  positions  of 
various  points  (strains)  will  commence  only 
after  the  applied  pressure  p(t)  >  p„  exceeds  or 
equals  the  crush  strength  of  the  material.  Due 
to  the  fact  that  the  part  of  the  stress-strain 
curve  0  <  e  <  cc  is  horizontal,  no  plastic 
waves  will  propagate  either.  However,  as  a 
result  of  strong  concavity  of  the  stress-strain 
curve  in  the  vicinity  of  t  *  ec,  a  sharp  com¬ 
paction  (shock)  front  will  be  generated.  This 
type  of  behavior  probably  deems  some  explanation . 

We  recognize  the  fact  that  the  behavior  of 
a  representative  crushabl  :  material  such  as, 
for  instance,  honeycomb  is  dictated  primarily 
by  its  geometrical  configuration  (and  much 
less  by  actual  characteristics  of  the  material 
Itself).  This  explains  the  fact  that  both 
steel  (l.e.,  ductile)  and  phenolic-glass  (l.e., 
brittle)  honeycombs  perform  much  in  the  same 
way,  although  the  process  on  the  local  level  is 
completely  different  (buckling  vs.  actual 
crushing).  Gross  behavior  exhibits  significant 
plasticity  (functional  in  nature)  although  as  a 
result  of  the  absence  of  strain  hardening  no 
plastic  waves  will  propagate.  The  predominant 
process  Is  obviously  that  of  compaction,  l.e., 
propagation  of  a  compaction  (shock)  front 
through  the  crushabie  layer. 

Since  the  entire  process  is  dictated  by 
the  geometry  and  not  material  rharact.erlatlcs 
of  constituent  materials,  no  significant 
unloading  waves  will  propagate  and  the  entire 
process  is  strongly  Irreversible.  In  other 
words,  once  crushed  and  compacted  to  the  den¬ 
sity  Pc  (corresponding  to  the  locking  strain 
tc),  the  honeycomb  will  be  assumed  to  behave  as 
a  rigid  material. 

The  lower,  driver  plate  is  assisted  to  be 
rigid  and  no  credit  Is  given  to  Its  energy 
absorption  (strain  energy,  etc.),  The  plate  Is 
modeled  by  a  concentrated  mass  m^  and  la 
assumed  to  provide  only  for  a  more  uniform 
distribution  of  crushing. 

The  analytical  model  described  above  la 
presented  In  Fig.  2.  We  note  that  the  model 
accounts  only  for  mechanical  means  (strain 
enargy  and  crushing)  of  energy  absorption.  At 
this  stage  the  energy  dissipation  mechanisms 
such  ns  pneumatic  [6]  and  thermal  [7]  damping, 
having  to  do  with  mass  and  heat  transport 
within  gas  filled  poroua  materials,  are  not 
considered.  A  potentially  significant  subject 
directly  relatud  to  the  energy  degradation  la 
also  tha  dissipation  mechanism  resulting  from 
viscous  effects  In  two  phase  (say  liquid  aodlum 
mixed  with  gas)  fluids.  This  effect  la  not 
considered  to  be  within  the  ecope  of  thle 
paper.  All  of  those  neglected  effects,  baing 
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The  following  notation  Is  used.  Densities 
(initial  and  terminal)  are  denoted  by  p0  and 
Pc»  eo  “  0  and  ec  are  corresponding  strains  in 
virgin  and  compacted  zone.  Pressures  behind 
and  in  front  of  the  compaction  front  are 
denoted  by  p_  and  p+.  Masses  (lumped)  of  the 
lower  (driver)  and  upper  (head)  plate  are 
denoted  by  m^  and  m2,  mass  of  the  crushable 
layer  (per  unit  of  length)  is  m.  Thickness  of 
the  crushable  layer  is  L,  while  k  is  the  spring 
constant  of  the  head  plate  computed  either  from 
the  static  deflection  for  unit  load  or  from  the 
first  natural  frequency. 


u  i 


u  i  i 


u  « 


Fig.  2.  Adopted  computational  model:  a)  ini¬ 
tial  state,  b)  one  front  propagating 
from  the  loaded  side,  c)  two  fronts 
propagating,  d)  one  front  propagating 
from  the  spring  side 


One  Compaction  Front 


We  introduce  an  Eulerlan  coordinate  system 
and  denote  by  u^(t)  the  displacement  of  the 
lumped  mass  m^  (driver  plate)  and  by  U2(t)  the 
displacement  of  the  mass  m2  (upper  plate)  and 
consequently  spring  as  well.  Two  corresponding 
velocities  are  denoted  by  u}(t)  and  ^(t). 
Consider  first  the  case  of  one  compaction  front 
(Pig.  2b),  generated  at  the  unloaded  end  (on 
the  interface  with  the  driver  plate),  propaga¬ 
ting  through  the  crushable  layer  towards  the 
spring  (upper  plate).  Denote  the  velocity  of 
the  compaction  front  by  z(t).  Aa  a  result  of 
our  choice  of  the  stress-strain  law  both 
uncompacted  and  compacted  zones  move  as  rigid 
bodies  with  velocities  and  ui.  In  order  for 
the  front  to  propagate,  the  following 
inequality  has  to  be  satisfied 


dissipative  mechanisms,  are  expected  to 
diminish  the  pressures  we  are  calculating  with 
herein.  In  that  respect  results  to  be  pre¬ 
sented  are  on  the  conservative  side. 

3.  GOVERNING  EQUATIONS 

We  consider  the  mechanism  presented  in 
Fig.  2a,  subjected  to  a  pressure  p(t)  with  a 
known  load-time  history.  The  pressures  less 
than  pc  will  instantaneously  propagate  through 
the  sandwich  followed  by  the  ensuing  deforma¬ 
tion  of  the  elastic  spring.  Increase  of 
pressure  in  excess  of  pc  will  generate  a  dis¬ 
continuity  (compaction,  shock)  front  which  will 
start  propagating  through  the  crushable  layer. 
We  notice  that  the  generation  of  the  front  Is 
not  the  function  of  the  suddenness  of  the 
Impact  but  the  direct  result  of  the  adopted 
stress-strain  law,  The  front  Itself  is  a 
traveling  discontinuity  surface  for  the  stress, 
strain,  and  density.  As  such  It  may  be  con¬ 
sidered  as  a  strong  discontinuity  wave  or 
simply  a  shock  wave  (see  for  Instance  (8]).  We 
will  employ  the  so-called  elementary  theory  of 
shock  waves  (see  for  Instance  Refa.  8,  9) 
considering  the  process  to  be  adiabatic  and 
disregarding  tha  variation  of  the  internal 
energy  as  a  result  of  the  Impact  (so-called, 
weak  shock  waves).  This  simplified  theory  is 
to  a  certain  degree  justified  by  rather  small 
impact  speeds  of  the  coolant  slug,  although  the 
jump  in  pressure  Intensity  may  cause  vsr tat  Ions 
In  internal  energy  and  temperature  worth 
considering  at  some  later  stage. 


*  *  Uj  >  u2  (1) 

The  violation  of  the  first  inequality  stops  the 
front  propagation,  while  the  second  inequality 
prevents  the  generation  of  the  unloading 
(tensile  rarefaction)  wave  which  Is  ruled  out 
a  priori. 

From  the  conservation  of  mass 

»_u_  -  D+U+  (2) 

and  conservation  of  momentum 

p_  +  mu_  ■  p+  +  nu+  (3) 

equations,  we  write  two  Hugonlot  equations 
relating  discontinuities  In  pressure  p,  density 
P  and  velocity  u,  ahead  (sign  "-t11)  and  behind 
(sign  "-")  the  compaction  front. 


[p(u  -  »))+  .  0 

(4) 

[pu(u  -  i)  +  p)*  *  0 

(5) 

Further  details  are  available  in  Refs.  8  and  9 
(the  case  considered  herein  Is,  to  repeat, 
adiabatic  and  with  constant  Internal  energy). 
After  simple  algebraic  manipulations,  we 
rewrite  (A)  and  (3)  in  s  slightly  different  way 

p0(u,  -  i)(u2  -  Uj)  -  p_  +  p+  •  0  (8) 


i  -  u,  -  „  P— ■'  ■  (i,  -  i2)  (7) 

2  pc  "  po  1  2 

Sine*  the  motion  "starts  fro*  rest  (i.e. , 
i  5  ut  5  «2  S  0  et  t  -  0)  lnt egret Ion  of  (7) 
leads  to 


It  Is  interesting  to  note  that  in  [10], 
where  a  similar,  although  less  general,  problem 
is  solved  (with  a  single  front  and  without  the 
spring,  i.e.,  with  forces  known  at  both  ends), 
equation  (8)  is  derived  as  seme  kind  of  a 
constitutive  equation  establishing  the  relation 
for  the  compacted  strain  in  terms  of  two 
densities. 

Finally  we  write  two  dynamic  (equilibrium/ 
equations.  For  the  already  compacted  zone 
(behind  the  compaction  front)  from  the  free- 
body  diagram  it  follows 

[*i  +  <>c( a  -  ■  p(t)  -  p_  (9) 

where  the  second  term  in  brackets  is  the  mass 
of  the  already  compacted  zone.  For  the  u.ncom- 
pacted  front  in  the  same  way  it  follow?/ 

Po(L  -  z  +  u2)U2  -  p+  -  q  (10) 

where  q  la  the  reaction  from  the  spring. 

Finally,  we  write  the  equation  of  the 
motion  for  the  spring 

mjUj  +  kuj  ■  q  (U) 

Altogether  we  heve  fire  Independent 
equations  (6,8,9,10,11)  in  fiv  unknowns,  Uj, 
«2*  *•  P-  and  9-  Note  ti  lt  p+  -i  pe,  i.e., 
the  pressure  Just  in  front  oi  the  compaction 
front  la  the  knevn  crush- presaiira  being  the 
property  of  the  isterlai  ut-td.  Eliminating  a, 
p„  and  s  it  follows 

t*j  *  P,(ur  UjHUj 

*  p(t)  -  pc  -  p/v 
(*.,  mc  -  ue^ur  *  ku2  ’ 

where  <«c  •  p0L  is  the  mass  of  the  crushable 
layw  and  o#  •  p0‘'c/(pc  * 

if  the  structure  was  initially  -it  rest  the 
associated  initial .conditions  sre 

Uj(0)  •  u,(0)  •  Uj(0)  •  uj(0)  ■  0  (U) 


At  some  point  of  the  previous  phase,  the 
pressure  on  the  Interface  between  the  head 
plate  and  the  crushable  layer  may  axceed  the 
crush  strength  pc  of  the  crushable  layer.  At 
tnat  instant  a  new  compaction  front  will  be 
generated  and  will  start  propagating  in  the 
tin  action  of  the  lower  (driver)  plate.  Aa  in 
Fig.  2c,  we  denote  the  velocities  of  three 
*onea  by  (compacted  zone  on  the  load  side), 
•‘ij  (uncompacted  zone  in  the  middle)  and  U2 
(compacted  zone  on  the  eprlng  side).  Correa* 
ponding  displacements  are  u2,  U3  end  u2.  ^ 

Veloci  ies  of  two  compaction  frontier*  Z3 
(generated  from  the  load  side)  and  i2  (gener¬ 
ated  1  roc  the  spring  side). 

As  Tor  the  previous  case  we  write  equa¬ 
tions  of  the  mass  and  momanturn  conservation 
(4.5)  across  both  discontinuity  fronts.  After 
some  algebraic  manipulations,  for  the  first 
compaction  front  they  read 

P0(Uj  -  ijXUj  -  u2)  -  p_  +  pc  •  0  (15) 


Across  the  second  compaction  front,  one  has 

oo(u3  -  s2)(“2  -  Uj)  -  Pc  +  ■  0  (17) 

u3  -  *2  *  r-rr  (“j  ■  v  <m 

c  o 

In  addition,  we  write  three  dynamic 
(equilibria*)  equations.  For  the  compacted 
lone  on  the  load  side 

(ml  ♦  ocL1  +  Pc(zr  Uj)]Uj  •  p(t)-p.  (19) 
For  the  uncampaoted  ions  in  the  middle 

®o<Lcl  '  ‘1  *  *2)ilJ  *  pc  '  pc  (J0) 

end  flnelly  for  the  compacted  zone  on  the 
eprlng  aide 

Pc(«2  -  UjlUj  •  p_  -  q  (21) 

The  last  equation  of  motion  ie  written  for  the 

mese-spring  system 

m2Uj  +  kUj  •  q  (22) 

The  length  Lj  le  the  length  of  the  uncompected 
materiel  at  the  initiation  of  this  phase  (or 
termination  of  the  previous  phase),  while  «-ci 
ie  the  length  already  compacted  during  the 
previous  phsss. 

Finally,  we  hev*  a  system  of  eight  inde¬ 
pendent  equations  (15-22)  in  eight  unknowns. 
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UJ,  U2,  u3,  zv  *2«  P->  P-  •»<>  1*  w«  ®Baln 
eliminate  all  of  che  unknowns  except  che  firat 
three,  auch  that 

1*1  +  Pc4  +  P^-  u3)I“i 

*  p(t)  -  Pc  -P^t^-  “3>2  <23) 


I«2  +  Pe<u3"  u2^“2  +  ku2 


Pc  +  pc(“3  "  V2 


u3  -  0 


Associated  Initial. values  ere  determined 
from  terminal  valuea  of  the  preceding  phase 

.  *  .*  *  * 

ul(t  )  -  Uj  Ujlt  )  •  Uj 

•  ,  e  A  .  A.  «  . .  , 

Uj(t  )  -  u2  u2(t  )  •  Uj  (26 

•  *  •  *  *  * 

Uj(t  )  ■  Uj,  Uj(t  )  «  Uj 

(with  asterisk  denoting  terminal  value  of  the 
preceding  phase).  Pram  (25)  and  (26)  It 
follows  that 


*  .* 

Uj  .  u2  +  U21 


where  t  •  t  -  t  la  measured  froei  the  beginning 
of  the  two  fronts  phase.  Hence,  one  finally 
has  from  (23,26)  and  (27)  two  equations 
governing  the  motion  in  this  phase 


(mj  a  t’a<ux”  V^l 


»  it  2 

p(t)  -  Pc  •0#<Ui“  Uj) 


*  “e<u2l  - 

t  1 

*  Pc  ♦  P#(«2  ‘  «2) 


If  one  of  the  Inequalities  is  violated,  the 
corresponding  front  stops  propagating.  It  is 
also  possible  for  two  fronta  to  collide  In 
which  case  the  entire  layer  la  crushed  and  the 
subsequent  motion  Is  that  of  a  lumped  mass 
attached  to  a  spring. 

c)  Single  Front  from  the  Sprint  Side 

Finally  we  examine  the  remaining  case 
when  the  front  from  the  load  aide  stops  propa¬ 
gating  (inequality  (30)  violated)  while  the 
front  from  the  spring  aide  still  keeps  prog¬ 
ressing.  Without  further  elaboration  we  just 
write  down  the  final  equations  of  motion 

[m»  -  oju^  uj)]^  -  p(t)  -  pc  (32) 

1*2  +  P«(V  u2),U2  +  k'J2 

■  Pe  +  P#(“i”  “2* 2  03) 

where  mosses  mj  and  m!J  include  susses  of 
already  compacted  cones  adjacent  to  lower  and 
upper  plate,  respectively. 

The  requirement  for  the  front  propagation 


Uj  >  u2  >  a 


4.  SOLUTION  OP  COVE  UN  INC  EQUATIONS 

In  each  of  three  cases  analysed  tn  the 
preceding  section,  the  motion  of  the  system  la 
governed  by  two  coupled  nonlinear  differential 
equations  of  second  order  with  given  Initial 
valuea,  In  nuclear  reactor  applications  the 
nonlinear  terms  turn  out  to  be  small  compared 
with  others.  This  Is  especially  true  for  the 
nonlinear  term  on  the  left-hand  side  being  the 
mass  of  the  contacted  crushable  layer  which  Is 
In  most  cases  negligible  when  compared  with  the 
mass  of  two  plates.  This,  of  course,  means 
that  equations  may  be  conveniently  aolved  using 
the  perturbation  method  (11,12)  ,  tn  linear 
approximation  for  the  first  phase  considered  It 
follows  from  Eqa.  12  and  1)  that 


*!  *  *1  *  "cLl  *  4  eU2 


P(t>  -  P, 


"2  *  *2  ♦  V* 

The  requirement  for  the  propagation  of  the 
front  generated  on  the  load  aide  la 


‘  U|  >  u, 


For  the  spring  aid#  front  the  propagetlon 
requirement  fa 


Uj  ’  u2  ‘  »2 


y  f1#. 

u,  ♦  «  u.  i  (35) 

i  i  m} 

where  •  k/mj.  The  solution  of  the  first 
equation  obviously  depends  on  the  load-time 
history,  while  In  first  approsimetloo  uj(t)  la 
given  by 

*We  note  that  the  design  with  a  very  thin 
driver  pUte  mj  •  0  leads  to  a  singular  prob¬ 
lem  warranting  the  use  of  so-called  singular 
perturbation  methods  (see  for  example  tot,  13), 


h  -’tSr-jAftJtt.'.  afeiSi 


(1  -  C0«  lit) 


(36) 


Proa  whtr*  th«  pressure  on  the  upper  plate  la 
finally  computed  to  be 

«W  "  k,W  %  2PC  <37) 

In  other  vorde  the  maxlmiai  pressure  on  the  head 
plate  depends  mainly  on  the  crush  pressure  pc 
of  the  cruahabJe  material.  Moreover,  having  an 
approximate  analytic  expreaslon  for  the 
preaaure-tlae  history  for  the  upper  plate  It 
becoaes  such  easier  to  Incorporate  Its  dynamic 
plastic  behavior  (Instead  of  purely  elastic  as 
considered  herein). 

Apart  from  first  approximations  listed 
above  it  becomes  questionable  whether  one 
should  continue  with  e  perturbation  technique 
In  quest  of  a  more  accurate  analytical  solution 
or  simply  resort  to  maserlcal  Integration  using 
standard  computer  routines.  Slues  the  sub¬ 
routines  for  the  aolutlon  of  a  set  of  nonlinear 
differential  equations  (Initial  value  problem) 
are  today  In  ample  supply,  the  only  programming 
one  has  to  do  la  to  write  a  simple  driver 
routine  enabling  transitions  between  various 
phases  of  crushing.  It  Is  apparent  that  in 
this  case  the  nonlinear  terms  need  not  be  small 
when  compared  with  linear,  it  is  also  well 
known  that  the  initial  value  problems  are 
especially  suitable  for  computer  applications. 
The  computing  time  in  most  cases  totals  a  few 
seconds. 

5.  NUMERICAL  EXAMPLES 

At  e  numerical  example  we  analyse  a  few 
different  designs  of  e  sandwich  head  plate 
subjected  to  two  different  loading*  (corte- 
spondlng  to  two  coolant  lsvals).  The  calcula¬ 
tion*  landing  to  the  determination  of  the 
preeaure-t Ime  history  were  of  the  simple 
MeodlumM  hammer  type,  but  were  later  verified 
by  results  obtained  through  application  of  a 
big  f inlts-dtf fsrsne*  computer  code  (HEX CD). 

The  two  loading  ceeee,  one  consisting  of  only 
one  end  another  of  two  shocks,  are  diagramed 
in  Pig.  3. 

The  total  weight  of  the  sandwich  piste 
(end  attached  accessorise)  is  estimated  at 
O.g  x  10*  lb*.  In  order  to  estimate  the 
influence  of  the  mess  distribution,  two  designs 
are  considered!  for  the  first,  the  mas#  of 
the  head  plate  wea  twice  as  big  as  that  of  the 
driver  plate  mj  s  2mj,  white  for  the  second, 
two  masse*  were  tekan  as  equal  mj  •  mj.  Also, 
two  different  IN)  W  stainless  steel  honey¬ 
comb#  are  considered  tor  the  crush* Me  layer, 
for  the  first  one  «(  •  340  pet  end  c0  *  1,H 
Ib/ft**  for  the  second  •  1130  pai  end  t(  • 
7.74  lb/ft’.  The  layer  was  asstmwd  to  be 
L  *  It.S  inches  thick  with  an  effective  cross- 
sec  t  iocs  i  area  of  200  ft*.  In  both  cases,  the 
compacted  density  oK  •  3.13  o0. 


LOAD  CASES  pit) 


fig.  3.  Two  cases  of  loading  considered 

The  results  of  computations  are  presented 
in  figs.  4,  5  and  6*.  The  displacement  of  the 
lower  (driver)  plate  uj(t>  le  shown  in  fig.  4. 
?or  load  consisting  of  only  on*  puls*  (and 
*2  %  2*l)«  the  entire  layer  doe*  not  crush, 
which  mesne  thst  it*  absorbing  capacity  is  not 
fully  utilised.  for  the  case  of  two  loads,  oaa 


'em.  «*•< 


Fig.  4,  Displacement  of  the  lesser  (dr  tver) 
|||  piste  v*.  time 

*tt  I*  noteworthy  Chet  the  results  computed 
from  the  first  approaimatioe  formulas  (36,37) 
were  not  more  than  s  few  percent  off.  This  is 
quite  visible  from  Jt  ogress  in  fig*.  4,  5,  6, 
l.e.,  ui(t)  Is  almost  linear  end  q(t)  almost 
sinusoidal. 
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notlcM  th*  kiai  in  u(t)  eeeocleted  with  th* 
second  puli*.  It  i*  important  to  cot*  that  the 
incr****  of  tn*  mu  *1  (driver  plat*)  in- 
crea***  th*  duration  of  th*  crushing  process 
which  may  b«  of  vital  significance  in  case  of 
aultlpl*  shocks. 

Pressure  on  th*  heed  plate  (i.e.,  dis¬ 
placement  U2>  is  plotted  vs.  time  in  Figs.  S 
end  6.  As  Pig.  6  shows,  th*  distribution  of 
■asses  affects  only  th*  period  of  th*  pressure 
puls*  but  not  the  Maximal  intensity  (as  pre¬ 


dicted  by  approximate  formulas  from  th* 
linearised  analysis).  Moreover,  th*  Intensity 
of  the  slug  pressure  p(t)  ha*  also  almost  no 
effect  on  th*  pressure  of  the  head  (upper) 
plat*.  In  Pig.  6  open  circles  denote  transi¬ 
tions  from  on*  phase  to  another  while  crossed 
solid  dots  denote  the  Instant  at  which  th* 
entire  layer  is  crushed. 

Yh*  effect  of  th*  choice  of  pc  (or  <»c)  on 
th*  pressure  of  th*  upper  (head)  plat*  la 
dsaonatrated  by  Pig.  5.  Moreover,  in  th*  case 
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of  the  high  etrength  honeycomb  only  *  few 
lnchee  were  cruehed  to  that  the  otherwise 
significant  energy  absorption  potential  was 
not  utilised  In  the  beat  way. 

6.  SUKNAKY  AND  CONCLUSIONS 

Presented  la  an  approximate,  one-dlman- 
slonal  nodel  for  the  dynamic  analysis  of  a 
sandwich  head  plate  of  a  pressure  vessel.  The 
equations  of  motion,  der.ved  for  the  model, 
lend  themselves  well  to  computation  and  a 
series  of  interesting  conclusions  are  arrived 
at. 

*  The  pressure  on  the  load-bearing  upper 
head  plate  depends  primarily  on  the 
crush  strength  of  the  crushable  layer. 

*  The  distribution  of  mass  between  lower 
end  upper  plate  affects  only  tbs 
crushing  period.  Increase  in  mass  of 
the  lowat  (driver)  plate,  lengthens  the 
crushing  period  which  may  be  important 
if  repeated  pressure  pulses  are 
expected. 

*  Although  the  high  atrenglh  crushable 
material  pose eases  high  specific  energy 
absorption  capability,  ‘t  may  be 
utilised  only  partially,  since  I;  will 
transmit  loads  oi  high  intensity  to  the 
upper  (head)  plate  without  significant 
crushing. 

in  conclusion,  the  presented  analysis 
appears  to  be  simple  enough  to  enable  some  hind 
of  an  optimal  design  in  'he  early  stages  of 
analysis.  The  subsequent  refloat  cat  of  the 
analysis  will  undoubtedly  Introduce  Computa¬ 
tional  difficulties  preventing  random  search  as 
a  mere  sophist (rated  level.  However,  such  a 
refined  e»'dei  appears  to  he  necessary  to  con¬ 
firm  and  support  results  obtained  from  the 
presented  model. 
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th«  ensrgy  Is  dUMpatsd  radially  so  umu  svsr y 
■wbssqumt  pttlss  grows  wsabsr,  Tbs  Analysis 
performs*!  was  of  a  sltnpl*  sodium-hammer  type 
which  was  taisr  os  to  a  c*  rials  extent  confirms*! 
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bsyosd  oar  control.  Lucfcft),  tbs  dKcnntaatlan 
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FREE -FREE  BEAKS  IN  DENSE,  STAGNANT  FLUIDS 


William  K.  Blake 

Naval  Ship  Reiearch  and  Development  Center 
Bethesda,  Maryland 


The  damping  of  free-free  beam!  vibrating  In  dense,  still  fluids  has  been 
studied  experimentally.  The  decay  of  transverse  vibration  following  an  laipulslve 
load  on  the  beams  was  dominated  by  viscous  damping  at  low  frequencies  and  by 
radiation  damping  at  high  frequencies. 

Viscous  dissipation  was  examined  in  mixtures  of  glycerine  and  water  using 
a  series  of  beams  with  different  geometries  ,  thus  the  Independent  effects  of 
varying  fluid  viscosity,  v,  beam  thickness,  h,  and  frequency  of  vibration,  <u, 
were  established.  Damping  was  detenslned  by  measuring  60  dB  decay  times  at 
resonant  frequencies  following  an  Impact.  Loss  factors,  TJ ,  based  on  the  dry 
beam  mass  were  found  to  depend  as  T)  ■  h  at  low  frequencies;  Po  and  0_ 

are  the  densities  of  the  fluid  and  beam  respectively.  The  loss  factors  are 
Independent  of  the  length  and  width  of  the  beams  and  of  the  sharpness  of  the 
beam  edges. 

In  a  parallel  series  of  experiments,  acoustic  radiated  power  was  measured 
in  a  water-filled  reverberant  chamber.  Both  the  densities  and  the  geometries 
of  the  beams  were  varied  In  order  to  establish  the  effects  of  dense  fluid  loading. 
Results  are  reported  as  ratios  of  rsdlated  power  to  mean-square  beam  velocity 
and  these  ratios  are  compared  with  theoretical  estimates.  The  radiation,  modeled 
as  a  finite  line  of  dipoles.  Is  seen  to  he  determined  by  the  motion  of  the  beam 
near  the  tips. 

The  results  raise  considerable  question  concerning  the  validity  of  measuring 
the  damping  characteristics  of  material  samples  in  water.  It  appears  that  the 
shapes  of  material  samples  on  which  damping  measurements  are  to  be  made  must  be 
designed  to  minimize  spurious  fluid-damping  effects,  otherwise  the  results  may 
he  more  particular  to  the  experiment  configuration  than  to  the  material  Itself. 


INTRODUCTION 

Dissipative  losses  In  vibrating  structures 
Immersed  in  a  stagnant  fluid  can  be  Internal, 
occurring  In  the  material  fibers  and  joints  of 
the  structure;  viscous,  caused  by  dissipation  in 
the  flow  of  surrounding  fluid  around  the 
structure;  and  acoustic,  caused  by  sound  radi¬ 
ation  away  from  the  structure.  In  air-borne 
structures  damping  la  often  dominated  by 
frictional  losses  at  joints  and  supports. 

Coulomb  and  viscous  friction  at  built-in 
supports  con  depend  on  the  structure  vibration 
mode  and  on  the  support  geometry.  Internal 
dissipation  within  the  structure  material  can 
provide  the  second  most  important  source  of 
damping  in  air-borne  structure*.  This  type  of 
damping,  which  has  been  given  considerable 
empirical  investigation  (see  e.g.,  laizsn  [l}), 
can  depend  on  the  stress  level*  within  the 
Structure.  liizan  has  empirically  related  the 

1  References  are  on  page  15. 


low  frequency  specific  damping  energy  of 
materials  to  local  applied  stress  level. 

Acoustic  radiation  la  the  third  major  energy- 
loss  mechanism  for  air-borne  structurei;  It  la 
moat  Important  at  high  frequencies  when  the 
acoustic  wavelength  becomes  leas  than  or  equal 
to  a  structural  wavelength.  A  fairly  extensive 
Investigation  of  the  damping  of  supported  beams 
In  different  gases  has  been  done  by  Kneser  [2]. 
Ills  Investigation  determined  the  relative 
Importances  of  support,  material,  vlscoua,  and 
radiation  damping.  Lyon  and  Maldanlk  [3],  both 
analytically  and  experimentally,  determined  the 
air-borne  acoustic  radiation  from  a  beam  aet  In 
a  rigid  baffle. 

In  the  case  of  water-borne  structures, 
damping  is  caused  by  all  of  the  losses  discussed 
above,  but  the  relative  magnitudes  of  the 
constituent  dissipations  are,  perhaps,  somewhat 
altered.  Viscous  dissipation  In  the  surrounding 
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fluid,  which  is  apparently  unimportant  in  air, 
could  be  an  important  damper  in  water. 

Internal  mechanical  dissipation  la  probably 
only  slightly  affected,  but  acoustic  radiation 
could  be  Increased  by  orders  of  magnitude  when 
a  vibrating  structure  Is  Immersed  in  water. 

In  this  paper  the  energy  balance  of  a 
vibrating  beam  Immersed  within  a  heavy  fluid 
will  first  be  examined.  Although  there  is 
certainly  nothing  new  in  this  energy  balarce 
presentation,  it  does  serve  aa  a  useful  review 
of  some  interesting  fundamentals  and  it  enables 
ua  to  view  the  current  experimental  results 
In  their  proper  perspectives.  The  resulta  of 
an  experimental  examination  of  the  vibration 
of  unbaffled  free-free  beams  In  dlffetent  fluids 
are  then  discussed  to  define  the  dominant  paths 
of  dissipation  of  vibration  energy.  Measured 
total  loss  factors  are  compared  to  radiation 
loss  factors  measured  recently  and  reported 
elsewhere  [4].  The  beam,  fluid,  and  fluid 
basin  are  considered  aa  a  single  system  and  the 
decay  of  the  vibration  level  of  an  impulsively 
loaded  beam  Is  discussed  as  a  measure  of  the 
energy  dissipation  in  that  system.  The 
Investigation  Is  similar  in  extent  to  that  of 
Kneser  [2]  which  was  done  In  different  gases. 


The  instantaneous  power  into  the  beam  la 
^in  *  ?ovo*.  where  F_  is  the  input  force  and  v0 
is  the  velocity  of  the  beast  at  the  drive  point. 
The  asterlak  denotes  complex  conjugate.  The 
kinetic  energy  for  a  beam  in  transverse  vib¬ 
ration,  neglecting  rotatory  inertia,  la 
(Rayleigh  L5]) 


where  L  is  the  volume  density  of  the  beam 
material,  A  is  the  local  cross-aectlon  area  of 
the  beam,  5  is  the  transverse  beam  dlsplacesMnt 
and  x  ts  the  coordinate  measured  along  the  beam 
axis.  The  bending  potential  energy  of  the  beam 
la 
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ENERGY  BALANCE  FOR  AN  ENCLOSED  FLUID  - 
BEAM  SYSTEM 

We  consider  the  fluid-beam  system 
constrained  by  an  enclosure  of  arbitrary 
geometry  and  construction.  If  the  immersing 
fluid  Is  unbounded,  the  only  fluid  energy 
carried  away  from  the  immediate  vicinity  of 
the  beam  by  a  non-disslpatlve  process,  is 
acoustic.  If  the  fluid  Is  bounded  by  a 
containing  structure,  as  It  ts  in  some  of  the 
experiments  described  In  the  following  sections, 
some  fluid  energy  Is  lost  through  tank  walls. 
Figure  l  Is  a  simplified  power-flow  diagram  of 
the  fluid-beam-tank  system  driven  by  an  outside 
power  source.  (The  structure  has  been  special¬ 
ized,  but  our  arguments  can  apply  to  any 
immersed  structure).  In  a  typical  experiment 
the  applied  force  and  resultant  acceleration 
(magnitudes  and  phases)  measured  somewhere  on  the 
beam  (frequently  both  at  the  drive-point)  are 
the  only  rate  variables  measured  for  the  entire 
system.  The  extent  to  which  a  single  sub-system 
rate  variable  can  be  used  to  describe  the 
Instantaneous  energy  content  within  the  total 
system  will  be  shown. 

Steady-state  power  balances  are  written 
below  for  the  beam  and  for  the  fluid  In  terms 
of  the  rale  variables  that  are  shown  in  Figure  1. 

ENERGY  BALANCE  FOR  THE  BEAM 


where  x  Is  the  radius  of  gyration  of  the  beam 
section  and  E  is  Young's  modulus  for  the  beam 
material. 

The  mechanical  dissipation  in  the  beam  is, 
for  low  stress  levels  and  for  our  purposes, 
conveniently  represented  ac 
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which  neglects  the  shear  strain  contribution  to 
dissipation.  The  dynamic  modulus,  which  in 
general  is  complex,  can  be  determined  from  the 
cyclic  extensional  deformation  of  material 
samples.  Our  discussions  are  primarily 
concerned  with  fluid  damping  mechanisms  so  it 
will  suffice  to  stake  the  fairly  common 
assumption  that  "  Tim  E  where  E  ts  Young'a 
modulus  and  is  the  (so-called)  mechanical 
loss  factor. 

The  power  into  the  supports  carries  energy 
away  from  the  beam  and  is  thus  considered 
dissipative.  It  can  be  written 


Power  Into 
Beam 


■ 


Rate  of  Increase  of 
Kinetic  Energy  and 
Potential  Energy 


tnternsl 
Dissipation 
to  Heat 


Power  to 
Supports 


Power  to 
Fluid 


where  vg  Is  the  velocity  of  the  bean  at  the 
support  and  Fs  la  the  force  exerted  by  the 
beam  on  the  support. 


where  o0  la  the  fluid  danalty  and  u  la  the  local 
fluid  velocity;  Integration  la  ova r  the  whole 
fluid  volume.  The  vlacoua  dlselpatton  rate  it 
(aea,  for  exaaiple.  Bird,  Stewart,  and  Light  foot 

[6]) 


it  -  'v 


[  DtXICt  IOM 
{  (KM  IO  XMNIlAl 

[  (ouniw  to 


WOWTlCtTV 

OiltIXAtiOfa 

out  TO 

ViBCOtltV 


acoubtk: 

MAfXATKM 

IMOWCCMtTMH 

vm.ua* 


where  aunmatlon  over  both  Indlcea  1,J  la  under- 
atood.  The  local  vlacoua  ahear  atreca  In  the 
fluid  la  proportional  to  vlacoalty;  It  la 


Power  transferred  to  tank  walla  gives  a 
dissipation  rate 


Figure  I  Power  Flow  Diagram  for  a  Structure  in  a  Denie,  Vlscoui  Flufcl 


ENERGY  BALANCE  FOR  THE  FLUID 


The  power  transferral  Into  the  fluid,  Wp,  It 
accomplished  by  the  fluid  stresses,  Tij»  the 
surface  of  the  beam  which  are  out  of  phase  with 
t lie  beam  surface  velocity,  Vj*  Thus  we  have 


H- 


where  S  Is  the  surface  area  of  the  bean  and  tjj 
Includes  both  viscous,  T  jj,  and  normal,  p, 
stresses ,  l . e . , 


%■  -Vf  S;i 


The  kinetic  energy  of  the  fluid  Is 


wSfc 

Y 


if  JV 


where  pt  and  ut  are  the  pressure  and  normal 
velocity  of  the  fluid  at  the  walls;  integration 
la  over  the  entire  surface  area  of  tha  tank. 

In  a  free-fteld  experiment,  one  In  which  the 
fluid  is  virtually  unbounded.  Equation  (8) 
represents  the  power  transferred  through  a 
closed  control  volume  of  eurface  I.  The  rate 
of  change  of  fluid  internal  energy  la 


whlth  ii  the  reversible  energy  stored  In 
dilatations!  waves  associated  with  the  acoustic 
field  generation  within  compressible  fluid*. 
Now,  the  condensation,  a,  it  defined  by 
0  *  0o(l  +  *)  where  p  la  the  fluctuating  fluid 
density  and  p0  la  the  mean,  undlaturbed  fluid 
density.  The  continuity  equation  for  the 
fluid  la 
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which,  using  ths  definition  of  condensation, 
and  neglecting  the  fluid  convection,  u-vp, 
give*  i»7-u.  Employing  the  acoustic  approxi¬ 
mation  for  adiabatic  acoustic  waves  [3], .  v-  have 

yr-o-s’* 

where  the  derivative  is  taken  at  constant  entropy. 

We  obtain  the  Internal  energy  In'  terms  of  s 


ENERGY  BALANCE  FOR  THE  COMBINED  FLUID  - 
BEAM  SYSTEM 


Combination  of  Equations  (1)  through  (9) 

gives 


+K$VS 


which  Is  the  complete  energy  ba  lance  for  the 
beam-fluid  system.  We  have  re -expressed 
Equation  (7)  In  terms  of  the  fluid  dissipation 
function  ♦,  where  I  la  [5] 


The  kinetic  and  potential  energy  terms  in 
Equation  (10)  In  genets  1  display  apparent 
quadratic  dependence  on  velocity  or  amplitude,  v0. 
The  totel  kinetic  end  potential  energies  In  the 
beam  are  thua  proportional  to  v*;  the  material 
dissipation  In  the  beam  Is  also  proportional  to 
v*  to  the  extent  that  T^E  Is  Independent  of 
attain,  If  fluid  gradlenta  arc  linearly 
dependent  on  vQ  we  can  expect  the  fluid  velocity 
u;  to  be  similarly  dependent.  When  this  con¬ 
dition  li  fulfilled  fluid  kinetic  energy  is 


proportional  to  \£.  The  cssea  of  fluid  dissi¬ 
pation  and  acoustic  radiation  will  be  considered 
separately.  Losses  to  the  supports  end  to  the 
container  walls  can  be  legitimately  argued  as 
depending  quadratics lly  on  beam  velocity.  Thus 
within  the  limitations  of  the  assumptions 
described  In  the  preceding  eections  we  see  that 
Vq  can  be  used  as  a  descriptor  of  the  total 
energy  state  of  the  best,- fluid  system.  We  note 
that  If  temporal  behavior  of  the  decay  of  vj 
following  an  Impact  la  not  perfectly  exponential, 
one  or  more  of  the  dissipation  rates  described 
above  must  be  somehow  dependent  on  the  trans¬ 
verse  beam  velocity  and  the  relative  magnitudes 
of  the  terns  In  the  energy  balance,  as  we  have 
outlined  them,  cannot  be  preserved  during  vib¬ 
ration  decay. 


where  Dtj.  is  the  total  dissipation  rate  for  the 
beam.  Using  the  energy  balance,  Equation  (10}, 
anticipating  that  TL«  l,  and  using  the  fact 
that  at  resonance  the  peak  kinetic  and  potential 
energies  that  occur  In  a  cycle  are  equal  we 
can  write 

+  (^A*)  *  (^A/J  *  (&/</*) 

♦  *>*) 

where  m0  and  Mg  are  the  entrained  fluid  maaa  and 
beam  mass  per  unit  length  respectively.  This 
we  can  write  as 


V7-'?.  ‘I 


using  separate  terms  for  the  mechanical  (m) , 
support  (s),  viscous  (v),  and  radiation  (r)  loss 
factors  respectively.  Note  also  that  we  have 
used  f>m  »  from  Equation  (3). 


Crandall  [8]  has  discussed  the  limitations 
of  a  mathematical  model  of  damping  which  charac¬ 
terises  the  dissipation  as  due  to  the  action  of 
a  linear  daahpot  which  produces  a  force  in 


The  total  loss  factor,  T|f  Is  defined 
(Crandall  [3])  as  the  ratio  of  the  energy  lost 
per  radian  to  the  peak  potential  energy  stored 
In  the  cycle,  U*.  i.e.  at  constant  frequency  ai 
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opposition  to  the  local  bean  velocity  so  the 
dissipation  rate  occurring  In  the  dashpot  la 
quadratics  lly  dependent  on  velocity.  This 
requires  the  dissipation  to  occur  principally 
at  we  have  already  Idealized  it,  and  further* 
more  It  gives  rise  to  a  friction  force  which  is 
directly  proportional  to  and  in  opposite  phase 
with  the  bean  velocity.  Thus  ve  write 


4*  Mi* 


where  Rj  *  +  Mg)  Is  a  frequency-dependent 

and  velocity-independent,  resistance  to  motion. 
Thus  If  we  assume  cyclic  motion  of  the  beam, 
integrate  by  parts,  and  use  the  free-free 
boundary  condition  on  the  beam,  we  obtain  from 
Equation  (10) 

(14) 

-J»,  OJ  i  -  iui  | 


uniform  beans),  MgL,  and  the  entrained  fluid 
Brass,  « 0L;  the  nuasrator  is  the  sum  of  the 
potential  energy  of  the  beam  plus  the  total 
Internal  energy  ol  the  fluid.  We  see  that  the 
low  frequency  effect  of  the  fluid  is  to  reduce 
the  natural  frequencies  by  a  factor 
fMg/CMj  +n0)]V.  At  higher  frequenclea  the 
fluid  internal  energy  increases  because  the 
fluid  motion  Involves  dilatation  as  well  as 
local  inertial  entrainment.  Just  as  at  low 
frequencies  the  structure  and  fluid  kinetic 
energies  can  be  comparable  resulting  In  a 
reduction  of  the  resonant  frequencies  of  the 
structure,  at  high  frequencies  the  acoustic 
effects  which  are  re?ated  to  the  energy  stored 
in  dilatation  can  further  affect  the  beam  motion. 
For  free-free  beams  In  vacuum,  or  at  low  fre¬ 
quencies  in  real  fluids  If  oiq  «  Mg,  we  have 
the  natural  frequency 


Ur>+0Z  <16> 


(See  Kinsler  and  Frey  [  7j )  where  Cg/lL  and  the 
integer,  n,  refers  to  mode  order.  pp 

Assuming  for  convenience,  that  the  beam 
motion  Is  expandable  as  a  Fourier  series  of 
characterist  lc  functions,  rm(x),  the  velocity  at 
any  point,  on  the  beam  is  found  to  be 


which  is  the  equation  of  motion  for  the  point- 
driven  beam.  Here,  the  linear  dashpot  model 
has  been  used  to  apply  a  distributed  dissi¬ 
pating  force  per  unit  length  idealized  as 
rj5  along  the  beam. 

In  the  case  of  negligible  dissipation 
relative  to  the  peak  beam  potential  energy  in 
a  cycle  of  beam  vibration,  the  natural  frer 
quencles  of  the  fluid-beam  system  are  given 
from  Equation  (10)  by 


{“*0/*  ^jccVltJdv 
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where  *,  and  ft  are  the  Instantaneous  beam  and 
local  fluid  displacements  and  is  the  beam 
displacement  amplitude,  There  are  ns  many 
natural  frequencies  as  there  are  characteristic 
modes  of  vibration,  (F,/C0)m-  ’’’ho  denominator  of 

Equation  (15)  Is  the  sum  of  the  beam  mass  (fot 
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In  practice  the  Vm(x)  for  fluid-loaded  beams  are 
not  the  same  as  tlte  Invacue  mode  shapes  because 
the  fluid  couples  the  ir, vacuo  modes  ns  well  as 
reduces  the  natural  frequencies.  The  problem  ns 
evidenced  by  the  terms  in  Fquation  (10)  is  to 
couple  the  motion  over  a  finite  surface  with  the 
fluid  potenial  in  a  fluid  volume.  Furthermore, 
to  fully  account  for  the  spatial  distribution 
of  fluid  motion  and  dililation  would  require 
intri  ate  coupling  of  fluid  and  structure,  which 
would  necessarily  '■ouple  lnvacuo  modes.  To 
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account  for  the  modal  coupling  would  require  (a) 
abandonment  of  the  linear  daahpot  model,  (b) 
considerable  generalisation  of  our  s implication 
of  the  entrained  sues  and  (c)  maintenance  of 
the  Internal  energy  term  in  Equation  (IS), 
Equation  (17)  gives  the  point  Impedance  ^/*(x0) 
which  is  controlled  by  the  lost  factor  at  and 
near  resonance.  Near  resonance,  If 

1>T  «  1  the  summation,  Equation  (17),  la  doml- 
nated  by  the  n  »  o  term  and  the  vibration 
pattern  la  Ym(x).  The  total  loss  factor  for 
the  mode  at  reaonance  Is  «*  RjAtKetj  +  Mg). 


ACOUSTIC  RADIATION  FROM  VIBRATING  BEAMS 

Theoretical  and  experimental  analysta  of 
the  acoustic  radiation  from  vibrating  beams 
have  already  been  given.  t,yon  and  Maldanlk  [3] 
have  examined  the  radiation  from  baffled  simply 
supported  beams  in  air.  Baffled  beams  are  those 
for  which  there  is  no  fluid  motion  across  a 
plane  parallel  to  and  coincident  with  the 
neutral  surface  of  the  beam.  In  this  configu¬ 
ration  there  is  no  fluid  motion  between  the  top 
and  bottom  surfaces  of  the  beam.  Unbaffled 
beams  are  those  for  which  this  motion  is 
permitted.  Blake  [4]  has  provided  a  similar 
analysis  of  radiation  from  unbaffled  free-free 
beams  In  water.  In  this  section  the  beam 
radiation  will  be  considered  on  physical  grounds, 

The  baffled  beam  has  been  considered  by 
Maldanlk  [9]  as  a  strip  radiator  modeled  with  a 
finite  line  of  monopoles.  The  configuration  la 
shown  schematically  in  Figure  2a  for  an  even 
mode  (mode  n  «  6).  The  strip  is  of  width  w 
and  length  L;  the  volume  velocity  of  a  monopole 
element  of  length  dx  is 


Co*^X  dx  (20) 


Figure  2  -  Schematics  of  Beam  Mode  Shapes 


Maldanlk  has  argued  that  for  the  case  of  the 
beam  wavelength,  Xb,  leaa  than  an  acoustic 
wavelength,  and  X0  «  L,  the  radlr.’-lon  la 
equivalent  to  contributions  from  decoupled 
monopoles  situated  at  the  ends  of  the  beam, 
x  *  +  L/2.  Thla  la  because  adjacent  regions 
of  alternate  phase  along  the  beam  Interfere 
leaving  remaining  monopoles  of  length  Xb/4 
at  each  end  of  the  beam.  In  this  circumstance 
the  acoustic  power  radiated  Into  the  region 
z  >  0  above  the  beams  has  been  shown  to  be 


where  is  for  n  2  0.  We  will 

consider  narrow  *1)eaos  for  which  X0  »  w.  Each 
compoalte  monopole  source  radiates  a  pressure 
at  a  distance  R  and  angle  t  from  the  x  axis  , 

•«**»  J-? 

*~*F~  *  . 


The  total  radiated  pressure  from  the  array  of 
these  sources  for  distances  R  »  L  is  approxi¬ 
mately 

.  A  iK* 


f  i  k,%  to*  ft 

••  •  d% 

-v* 


(21) 


where  the  subscript,  M,  denotes  monopole  power. 


for  the  unbaffled  beam,  shown  schematically 
for  the  even  (n  »  7)  mode  in  Figure  2b,  the 
radiation  can  be  modeled  as  that  due  to  an 
array  of  dipoles.  Aa  before  the  beam  is 
depicted  as  strip  radiator  composed  of  2L/Xb 
half  wavelengths  of  opposite  phase.  Each 
composite  dipole,  which  in  turn  la  composed  of 
monopoles  in  opposite  phase  and  separated  a 
distance  2e  apart,  radiates  a  far-fleld  acoustic 
pressure  (see  Junger  and  Felt  [l0]) 


co$e)GL 


ikf 


where  6  la  measured  in  the  plane  normal  to  the 
x  axis.  The  elemental  volume  velocity  le 
given  by  Equation  (20)  but  in  this  case  kn  le 
given  by  Equetlon  (19).  The  adjacent  dipoles 
of  length  Xb/6  Interfere  as  do  monopoles  in  the 
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baffled  beam  leaving  resultant  dipoles  situated 
near  a  ■  +  L/2.  The  tip  motions  of  the  baffled 
and  unbaffled  beams,  however,  differ  considerably. 
In  the  former  case  displacement  is  zero  at 
*  m  +,  L/2  while  in  the  latter  the  beam  amplitude 
is  maximum  there.  This  motion  would  be  expected 
to  substano tally  reduce  the  net  strength  of  the 
tip  dipole.  At  low  wave  numbers,  however,  it 
can  be  argued  that  fluid  motion  around  the  tips 
(denoted  by  curved  arrows  in  Figure  2b)  reduces 
the  Influence  of  the  tips.  If  this  motion  were 
not  permitted,  as  for  example  by  placing  the 
beam  in  a  strip  baffle,  the  dipole  strengths 
would  be  reduced.  Thus,  instead,  the  free-free 
unbaffled  beam  behaves  as  a  simply  supported 
strip  segment  of  length  L  -  Xb/4  set  in  a  long 
rigid  strip.  Since  Xj,/4  Is  considerably  less 
than  unity  we  can  express  the  resultant  acoustic 
pressure  far  from  the  beam,  R  »  L,  as 


Thus  the  characteristic  dipole  length,  e,  appears 
to  be  approximately  one-third  the  beam  width. 

The  ratio  of  radiated  power  to  mean-square  beam 
velocity  is  the  radiation  resistance,  Rr.  This 
is  for  the  baffled  beam 


and  for  the  unbaffled  beam 


Wi(,( sivtfl«.e  cot*))*-- 
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The  acoustic  dipole  power  radiated  to  the  upper 
half-space  is 


<*4  SO 


Comparison  of  Equations  (21)  and  (22)  show  that 
the  dominant  distinction  between  the  baffled 
and  unbaffled  strips  la  In  the  k0e  dependence. 
For  small  values  of  koe  we  can  determine  the 
ratio  of  unbaffled  (dipole  line)  to  baffled 
(monopole  line)  power  as 


A  more  detailed  analysis  [4]  gives  the  ratio 
of  radiated  powers  as  a  function  of  beam  width, 
specifically 


JL,  Hill 
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(24) 


Equation  (23)  has  been  experimentally 
verified  by  Lyon  and  Maidanlk  [3]  and  Equation 
(24)  by  Blake  [4]  .  The  latter  investigation 
was  directed  at  determining  fluid  loading 
effects  on  the  radiation  from  point-driven 
beams.  Samples  were  driven  at  their  centers; 
the  space-time  averaged  mean-square  beam 
velocity  was  measured  at  beam  resonance  fre¬ 
quencies.  The  radiated  power  was  simultaneously 
obtained  by  measuring  the  acoustic  pressure  in 
the  large  reverberant  tank  within  which  the 
beams  were  driven.  Measurements  were  made  in 
air  and  in  water.  Figure  3  Is  an  example  of 
a  measurement  performed  in  air;  Equation  (24) 
is  shown  with  Lyon  and  Maldanlk's  relation  for 
the  baffled  beam.  Equation  (24)  which  applies 
for  low  k0/kn  is  shown  in  Figure  4  with  a 
similar  comparison  for  aluminum  and  steel  beams 
in  water.  The  measured  radiation  resistance  in 
water  is  lower  on  the  aluminum  beam.  The  steel 
beam  result  agrees  with  Equation  (24)  down  to 
mode  7;  the  Rr  for  mode  5  is  lower  than  that 
given  by  Equation  (24)  because  of  the  fluid 
loading.  These  results  and  those  for  a  3-lnch 
width  beam  show  that  the  measured  radiation 
resistance  is  reduced  by  a  factor  4cy 
from  the  theoretically  determined  rad 
resistance.  The  measured  ratio  of  radiated 
power  to  mean-square  velocity  is  reduced  from 
that  given  by  Equation  (24)  because  the  fluid 
coupling  altered  the  assumed  source  distribution, 
Equation  (20).  Since  the  low  wave  number 
radiation  Is  determined  by  tip  motion,  the 
alteration  in  source  distribution  may  have  been 
most  dominant  there. 
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VISCOUS  DISSIPATION  AND  BEAM  VIBRATION  where  T  1*  the  period  of  vibration 

Thu*  we  can  write 

The  local  dissipation  rate  per  unit  volume 
of  fluid,  can  be  expressed  in  terms  of 

fluid  gradients,  i.e.,  t 

£  *  constant,  independent  of  u 


3X; 


If  we  assume  that  the  length  scale,  4,  is 
sufficient  to  define  the  fluid  velocity  gradient, 
then  we  can  consider 


and  the  characteristic  dissipation  length,  4, 
appears  to  depend  largely  on  tu"*  and  v*.  If 
the  beam  dissipation  is  dominated  by  viscous 
losses  in  the  fluid  then  the  Instantaneous 
energy  balance,  Equation  (11),  leads  to  the 
simple  result  that  the  peak  kinetic  energy  in 
a  cycle  behaves  as 


yU  £ 


.  U% 


which  dimensionally  describes  the  dissipation 
function.  The  total  dissipation  rate  6V  in 
the  fluid  can  be  described  as  ut?  Vq  where 
Vq  is  a  measure  of  the  volume  of  fluid 
within  which  dissipation  rates  are  high.  We 
note  here  that  4  can  be  dependent  on  the 
velocity.  The  total  fluid  kinetic  energy  is 


where  Vj.  is  a  measure  of  the  volume  of  fluid 
around  the  beam  where  u  is  perceptibly  different 
from  sero.  Now  if  the  ratio  of  local  kinetic 
to  local  dissipated  energy  in  the  high  dissi¬ 
pation  region  near  the  beam  is  small  (A 
condition  which  cannot  be  extant  everywhere  in 
the  fluid,  especially  far  from  the  beam.)  i.e,, 
if  the  local  Reynolds  number, 


«  / 

> 


then  flow  around  the  beam  is  viscosity- 
dominated  and  much  of  the  work  done  on  the 
fluid  is  dissipated  by  viscosity  near  the  beam. 
Under  these  conditions  the  ratio  of  the  rate 
of  total  fluid  kinetic  energy  loss  to  the  total 
d las {potion  rate  can  be  assumed  as 


constant,  inde* 
pendent  of  u 


-  Ky*  jr  -t  wLf 


where  K  is  a  constant.  We  have  written 
Vp  *  2wUt  for  the  volume  of  high  fluid  dissi¬ 
pation.  If  v*  decays  as  e"1^  then  we  have 


where  T]  is  the  loss  factor  of  the  beam.  If  T) 

Is  based  on  the  4ry  mass  of  the  beam,  Mg  •  j  hw, 
we  have  9 


vr>. 


? 


so  that 


(25) 


which  we  will  hereafter  call  for  the  viscous 
toss  factor,  bos*  factor*  based  on  the  dry 
beam  mas*  will  be  denoted  by  a  prime  super¬ 
script.  The  validity  of  this  expression  was 
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examined  by  «  parametric  study  of  vibrating 
beam  decay  ratea  that  will  be  deacrlbed  In  the 
next  aection.  Use  of  thle  definition  of  loaa 
factor  facllitatea  comparison  of  results  with* 
out  the  complication  of  considering  added  mass 
Direct  comparisons  of  beam  resletance  are  thus 
possible  using  this  definition. 


DESCRIPTION  07  THE  fCASUREMENTS  AND  APPARATUS 

Measurements  of  natural  frequencies  and 
total  lose  factors  were  made  on  various  beams 
in  fluids.  The  small  size  and  light  weight  of 
the  beams  made  accurate  measurements  of  damping 
difficult.  Losses  at  the  supports  and  dissi¬ 
pation  at  the  contact  point  of  the  beam  with 
the  impedance  head  were  difficult  to  minimize 
and,  after  considerable  experiment,  the 
assembly  described  below  was  used.  The  beam 
was  suspended  from  25  pound' brass  weights  using 
piano  wire  (0.01  inch  diameter  and  1  to  2  feet 
long)  loosely  looped  through  a  small  hole  at 
the  edge  of  the  beam  at  the  center  of  the  beam 
span.  The  brass  weights  were  suspended  from 
the  celling  using  bungee  cord.  The  beam  was 
mounted  in  this  manner  to  minimize  vibration 
loss  through  Its  support;  when  the  weights 
were  removed,  so  that  the  piano  wire  was 
connected  directly  to  the  bungee  cord,  the 
beam  damping  Increased  perceptibly. 

Natural  frequencies  of  the  beam  above  100 
Hz  were  determined  by  point  Impedance  measure¬ 
ments.  The  Impedance  head  was  mounted  to  the 
center  of  the  beam  using  a  set  screw  or 
"Eastman  910"  adhesive.  The  force  and  acceler¬ 
ation  signals  were  both  filtered  and  the  shaker 
Input  was  servo-regulated  to  maintain  a  fre¬ 
quency-independent  force.  Natural  frequencies 
below  100  Ha  were  determined  by  tuning  a  3  Hz 
filter  to  give  maximum  output  with  an  Input 
acceleration  signal  which  was  generated  by 
tapping  on  the  beam.  For  this  measurement  a 
small  accelerometer  was  mounted  on  the  tip 
of  the  beam  and  the  shaker-impedance  head 
assembly  was  removed.  Some  natural  f reque—les 
above  100  Ha  were  also  obtained  from  impact 
response  as  well  as  from  the  point  Impedance 
measurement.  The  fundamental  frequencies 
measured  in  elr  were  generally  with  a  few  Hz 
of  those  calculated  using  Equation  (16). 

Quality  factor  measurements  at  resonant 
frequencies  as  determined  from  the  bandwldths 
of  the  resonant  peaks  gave  higher  damping  than 
the  Impulse  measurements  probably  because  of 
losses  sustained  at  the  Impedance  head  mounting 
point.  Measurements  of  decay  times  following 
Impulse  excitation  of  the  beam  Instrumented 
with  a  rlnglt  accelerometer  were  the  moat 
successful.  This  measurement  was  performed 
by  monitoring  the  decay  of  1/3  to  1/10-octave 
filtered  tip  acceleration  signals  on  a  Bruvl 
and  KJaer  graphic  level  recorder  or  on  the 
Spencer-Kennedy  Laboratory  (SKL)  decay  rate 
taster.  In  either  case,  60  dB  reverberation 
times  were  used  to  obtain  lose  factors.  The 
use  of  filters  to  obtain  the  decay  rates  of 


separate  beam  modes  in  this  manner  is  possible 
when  the  bandwidth  of  the  filter  is  larger 
than  that  of  the  beam  resonance.  Measurements 
were  generally  repeatable  to  within  30*,.  The 
vibration  levels  were  found  to  decay  ex¬ 
ponentially  in  air  and  in  water. 

Beam  specimens  were  selected  to  vary 
width,  thickness,  length,  edge  condition  (sharp 
round,  etc.,),  beam  material  density,  and 
material  damping.  Beams  of  steel  and  of  alumi¬ 
num  had  widths  that  ranged  from  1  Inch  to  3 
Inches,  thickness  from  3/16  inch  to  1/2  inch, 
and  lengths  from  17  Inches  to  36  inches.  A 
beam  with  high  material  damping  wps  constructed 
with  two  3  Inch  by  17  Inches  by  1/8  inch 
thick  steel  plates  sandwiched  around  a  sheet  of 
self  adhering,  cold-pipe  lnsulatloa  tape  sold 
under  the  trade  name  "Prestlte."  This  is  a 
cork-tar  composition  that  readily  adhered  to 
the  metal  plates  which  were  held  together  with 
flat-head  screws  tightened  until  the  overall 
thickness  of  the  composite  beam  was  5/16  inch. 
The  beam  hid  a  dry  mass  of  0.12  slug. 

Fluids,  In  addition  to  air,  were  glycerine 
water  mixtures  which  provided  kinematic 
viscosities  ranging  nominally  from  1  to  400 
centlstokc.s .  Glycerine  was  selected  because 
of  Its  complete  miscibility  with  water.  Its 
high  viscosity,  and  the  comparability  of  its 
p0  and  cQ  with  those  of  water. 

The  accelerometer  used  In  the  Impulse 
measurement  was  waterproofed  with  "Dlgel"  wax. 
The  Impedance  head-shaker  assembly  was  water¬ 
proofed  with  "PRC"  compound. 


EXPERIMENTAL  RESULTS 
ENTRAINED  MASS 

The  entrained  mass  was  determined  from  the 
ratio  of  resonance  frequencies  of  a  mode  deter¬ 
mined  In  air  and  water.  The  relationship. 


■( 


where  subscripts  1  and  2  refer  to  the  natural 
frequencies  of  a  given  mode  In  air  and  In 
water,  was  used.  The  added  mass  per  unit 
length  of  a  long  elliptical  cylinder  in  steady 
motion  hat  been  given  by  Umb  [ill  as 

where  w  Is  the  width  of  the  etrip  measured 
normal  to  the  f'ow  direction.  If  we 
adopt  thti  as  the  w  —  0  limit  for  the  beam 
Blake  [4]  has  found 
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Figure  5  bittialned  Mui  of  Vibrating  Beam  in  Water 
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which  U  ahown  with  experimental  result*  In 
Figure  1  (or  thr«#  o(  th*  beam*.  The  static 
bean  uai  ha*  been  safely  assumed  equal  to  th* 
nodal  mii  atnc*  th*  bean*  are  of  uniform  cro*a 
•action.  For  high  k„w  th*  added  mas*  per  unit 
length  1*  »ow/kn  which  la  ju»t  n/2  larger 
than  th*  riautt  obtained  by  Davie*  [12]  for  a 
finite  plat*  In  a  baffle. 

DAMPING  OF  VIBRATING  BEAMS  tN  AIR 

Loaa  factor*  measured  In  air  are  ahown 
for  th*  ateel  beam*  In  Figure  6,  width  and 
thlckneaa  ar*  varied  Independently.  Th*  highest 
loaa  factor*  were  measured  on  th*  lightest  beam 
(l.V*  X  1/16"  X  36”)  and  th*  loweat  on  th* 
h*avl*at  beaai  (l.V  X  1/2”  X  36").  Th*  figure 
Include*  th*  3-ltwh  beam  radiation  loaa  factor 
derived  from  Reference  A.  The  loan  (jeto#*  In 
air  are  rot  dominated  by  acoustic  radiation  (or 
f  <  10  kill  ao  that  the  measurement*  give,  for 
consideration  In  Equation  (12),  only  the 
atructural  and  Hupport  loaaea.  Ktaball’a  £  13] 


review  of  the  literature  quote*  aoaw  reaulta 
that  give  \  for  ateel  between  10"4  and  to"0 
which  are  comparable  to  the  meaaureaienta  in 
Figure  6,  loaaea  at  the  support*  and  dlaal* 
pat  ion  saaoctated  with  notion  of  the  acceler* 
owatar  cable  ar#  both  apt  to  contribute  to 
damping  In  air.  Support  loaaea  are  poaaibly  du* 
to  Coulomb  friction  at  the  Juncture  of  th*  piano 
wtr*  with  th*  h*an  aa  well  aa  to  traveling  wave* 
arm  up  th*  aupport  wire*  and  induced  In  th# 
Instrument  cable*  which  are  unlikely  to  depend 
•  trongly  on  beam  aua*.  Important  contribution 
from  these  external  cauacs  would  explain  why 
the  thick  and  thin  l.V*  width  ateal  beam*  have 
loaa  factor*  In  the  approximate  ratio  2.6  which 
U  atao  the  ratio  of  the  beam  masaea.  Thla  lead* 
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to  the  confident  ion  that  the  Ralr  doe*  not 
depend  on  which  epee  linen  le  used  to  determine 
It,  thue  the  above  results  provide  atrong 
evidence  that  the  air-borne  dlaalpatlon  la  not 
dominated  by  Internal  loanee. 

DAMPING  OF  BEAM  VIBRATION  IN  GLYCERINE  - 
WATER  MIXTURES 

The  loan  factora  baaed  on  the  dry  beam 
masa,  for  varloua  beame  In  water  are  ahown  by 
the  open  points  In  Figure  7.  Measurements  for 
the  0"  X  0.36"  X  17*9  steel  beam  were  made  in 
the  Naval  Ship  Research  and  Development  Center 
(NSRDC)  teat  pond,  a  large,  effectively 
unbounded,  volume  of  water.  The  values  of  loss 
factora  for  this  beam  fall  between  rather 
narrow  limits.  Near  10  kHt  the  total  lots 
factor  la  dominated  hy  acoustic  radiation;  the 
result  for  the  radiation  loss  factor,  l)r'>  has 
been  taken  from  Blake  [4],  In  the  frequency 
range  of  1  to  10  kHa  the  lost  factor  is  nearly 
constant  at  0.0025.  Two  3-lnch  beams,  one 
with  rounded  edges  the  other  with  knife  edges 
had  the  same  loss  factors  in  water,  thus  in¬ 
water  damping  did  not  substantially  depend  on 
the  beam  edge  condition.  Loss  factors  for  a 
(1“  X  0.36“  X  17'}  beam  were  the  same  as  those 
for  the  3“  beam,  thus  showing  independence  of 


beam  width.  Loss  factors  for  the  0.5"  X  0.188" 
X  36")  beam  are  Included;  the  results  show 
clearly  an  Increase  In  loss  factor  with  a 
decrease  In  thickness.  The  0.188"  thick  beam 
shows  a  f*V  (Note  the  line  4  In  Figure  7) 
dependence  which  covers  a  larger  frequency  range 
than  shown  by  the  other  beams.  Furthermore, 
the  loss  fsetors  do  not  appear  to  depend  on 
beam  length.  The  slightly  higher  7^  for  the 
0"  X  0.36"  X  17’)beaT  than  for  the  <1.5"  X  .5" 

X  36')  beam  can  be  accounted  for  by  the  thick¬ 
ness  difference.  Finally,  mode  order  does 
not  appear  to  be  a  dominant  effect,  l.e.,  there 
appear  to  be  no  separate  dependencies  for  even 
or  odd-numbered  modes. 

The  dependence  of  the  losa  factor  or 
viscosity  was  determined  by  measuring  the 
damping  of  the  (3"  X  0.36"  X  17")  beam  in  an 
acquarlum  using  glycerine-water  mixtures. 

U.S.P.  -grade  glycerine,  v  •  390  centlstokes, 
and  85T  by  weight  glycerine-water  mixture 
v  •  44  centlstokes,  were  used  In  a  20  gallon 
acquarlum.  The  viscosities  were  measured 
using  the  races  of  laminar  flow  discharge 
through  long  tubes  [6].  A  measurement  in  water, 
v  ■  l  centlstokes,  showed  that  for  frequencies 
leas  than  100  Ht  the  loss  factors  measured  in 
the  acquarlum  were  comparable  to  those  measured 
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and  Che  water  measurements  to  give  (see 
Equation  (12)) 


in  a  free  field.  Above  100  Hz  the  loaa  factora 
were  only  slightly  higher  than  those  in  the 
free  field,  and  the  higher  loss  factors  Indicated 
some  energy  lose  to  the  tank  through  Inertial 
coupling  of  the  beam  with  the  tank  walls. 

The  results  of  measurements  In  glycerine 
solutions  show  clearly  an  Increase  in  loss 
factor  with  viscosity.  Furthermore,  the  fre¬ 
quency  range  of  near -dependency  an  f*i  for  the 
3"-vlde  beam  was  extended  to  nearly  10  kHz  and 
line  1  in  Figure  7  Is  considered  to  be  represent¬ 
ative  of  that  dependence  In  glycerine.  Lines  2, 
and  3,  are  calculated  from  line  1,  assuming 
that  T1  ~  v  ,  they  are  In  approximate  (307.  to 
407.)  agreement  with  the  measurements.  In 
calculating  line  4  we  go  one  step  further  by 
assuming  7)  «  v^h""1  and  scale  line  1  for  the 
condition  of  the  beam  (1.5"  X  0.19"  X  36")  In 
water.  It  is  well  to  point  out  that  since  the 
densities  and  speeds  of  sound  are  similar  for 
glycerine  and  water  the'  [radiation  last ‘factor 
shown  in  Figure  7  Is  assumed  to  apply  to  all 
liquids. 

We  can  summarize  the  results  of  the 
previous  paragraphs;  the  loss  factors  in 
viscous  liquids  at  low  frequencies  are  nearly 
Inversely  proportional  to  the  thickness  of 
the  beam,  to  the  square  root  of  frequency, 
and  to  the  beam  density;  they  appear  to  be 
directly  proportional  to  the  square  root  of 
kinematic  viscosity.  Thus  at  low  frequencies, 
at  least,  we  can  write 


Ti'-  L  1  -Fvi* 


which  Is  the  result  Equation  (25).  The  results 
give  k  5.  Finally,  at  low  frequencies  the 
condition  of  the  beam  edges  does  not  appear  to 
be  an  Important  variable  in  determining  the 
overall  loss  factor.  It  is  possible  that  local 
viscous  stresses  near  the  beam  edges  especially 
at  the  tips  could  have  contributed  to  the 
phenomenon  of  fluid  loading  shown  in  Figure  4. 
Although  these  viscous  stresses  did  not  appear 
to  dominate  the  total  damping  they  could  have 
altered  the  vibration  patterns  near  the  tips. 


The  water  loss  factors  In  thr 
range  l  kHz  to  10  kHz  could  be.  In 
caused  by  support  and  cable  motion 
the  beam.  If  the  air  measurements 
Interpreted  to  give 
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if  'll.  Is  unaffected  by  the  water.  Reduction  of 
the  lota  factora  In  Figure  7  by  an  amount  equal 
fo  Haa  reduce,  the  observed  water  loss  factora 
from  0.0025  to'0. 002.  If  both  T)£w  and  Tj'a  are 
deleted  from  the  loaa  factors  near  7  kHz,  we 
obtain  T)y  »  0.001.  However,  there  la  little 
assurance  that  the  support  losses  are  the 
same  In  all  media.  It  la  more  likely  that 
support  losses  are  somewhat  increased 
viscosity  of  the  fluid,  since  those  losses 
would  tiave  to  do  with  transverse  motions. 

DAMPING  IN  THE  COMPOSITE  BEAM  IN  AIR  AND  WATER 


Our  discussions  of  beam  damping  are 
completed  by  considering  the  measured  loaa 
factora  of  the  composite  beam  In  air  and  in 
water.  The  results  serve  to  llluctrate  that 
the  contribution  of  fluid  damping  to  the  total 
loaa  factor  can  be  considerable  even  though  the 
teat  sample  la  mechanically  damped.  Figure  8 
shows  the  results  for  the  3rd  through  11th 
modes  as  measured  by  the  quality  factors  of  the 
resonance  bandwldths  [7].  The  air  measurement 
shows  a  maximum  loss  factor  of  0.0074  at  2.3  kHz, 
the  loaa  Factor  decreases  at  higher  and  lower 
frequencies.  The  loaa  factora  of  3-layer 
composite  structures  have  been  theoretically 
derived  by  Rosa,  ct.al.  L  14] .  Their  relations  fot 
the  maximum  loss  factor  of  the  composite  and 
for  the  frequency  of  that  maximum  lost  factor 
can  be  used  to  obtain  the  effective  shear  loss 
factor  and  Young's  modulus  of  the  Presstlte. 

The  computations  give  the  ahear  loss  factor 
0.1  and  an  effective  Young's  modulus  7,7  X  ltf' 
psi  lor  Ihe  layer.  These  estimates  In  no  way 
account  for  the  constraining  effect  of  the 
screws  that  hold  the  plates  together,  this 
effect  would  possibly  be  to  Increase  the 
effective  modulus.  The  calculated  lots  factor 
and  storage  modulus  are  also  consistent 
with  the  approximate  frequency  dependence 
sketched  In  Figure  8. 

The  loss  factors  in  water  are  about  0.0019 
or  about  257.  higher  then  those  measured  in  air. 
This  difference  Is  apparently  due  to  the  water 
damping  discussed  In  the  last  subsection 
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Figure  H  Lais  Factors  for  the  Composite  Beam 
in  Air  and  in  Water  (70F) 

assuming  that  the  material  damping  was  the  same 
In  both  measurements. 


DISCUSSION 

We  have  examined  the  dissipation  of  free- 
free  beams  In  various  fluids  In  order  to 
distinguish  the  relative  importance  of  Internal, 
radiation,  and  viscous  damping.  For  the  simple 
geometry  Investigated,  low  frequency  dissi¬ 
pation  was  apparently  dominated  by  support 
tosses  In  air,  and  by  viscous  dissipation  In 
heavy  fluids.  High  frequency  damping  on  the 
other  hand,  was  controlled  by  acoustic  radiation. 
The  results  are  applicable  for  unbaffled 
structures  whose  dimensions  are  small  relative 
to  an  acoustic  wavelength.  In  this  case 
acoustic  radiation  accounts  for  very  little 
damping  so  that  the  other,  perhaps,  less  obvious 
losses  are  dominant. 

Although  the  mechanism  of  the  viscous  dissi¬ 
pation  cannot  yet  be  clearly  defined,  we  car 
propose  arguments  that  at  least  postulate  its 
connection  with  low  Reynolds  number  flow  around 
the  beam,  bow  Reynolds  number  viscous  oscll1 
latory  drag  due  to  flow  around  bodies  depends  on 
the  first  power  of  the  Instantaneous  speed,  U, 
of  the  body.  Iamb  [ll]  gives,  for  example,  the 
drag  force  on  a  sphere  oscillating  In  transverse 
motion  with  frequency  as 

where  a  Is  fluid  viscosity  and  n  1h  the  sphere 
radius.  The  quantity  Is  the  steady  motion 

dray,  of  d  sphere.  Batchelor  [  1*0  gives  a 
similar  result.  We  assume,  heurist leal ly ,  that 
the  oscillatory  Stokes  drag  can  he  approximated 
by  an  equation  simitar  to  the  above  as 


r-rf"4aJ 


where  F0  Is  the  steady  flow  drag  and  d4 ' Is  some 
major  proportion  of  the  half-width  of  the  body 
measured  normal  to  the  direction  of  motion. 

For  a  long  elliptic  cylinder  Lamb  quotes  the 
steady  drag  per  unit  length  aa 


where  c  Is  a  Reynolds  number-dependent  factor 
which,  for  our  arguments,  we  can  take  as  unity. 
Thus  we  can  write  the  realatance  per  unit  length 
see  Equations  (13)  and  (14),  as 


for  a  vibrating  strip.  Batchelor's  [  15]  result 
for  a  circular  cylinder  Is  analogous.  We  have 
written  <\  <*  t.  If  the  frequency-dependent  term 
In  a  bracket  tar-cxccede  unity  we  have 

'  IT  CL  /I  I  /5~ 

r  f&~  j£  h  f*4-* 

which  is  Identical  to  Equation  (25).  Experi¬ 
mental  results  give  the  low  frequency  value  of 
jr  as  2.2  suggesting  that  dj  «  v  would  have  been 
a  better  selection  than  w/2. 

At  frequencies  above  1  kHz,  dissipation 
associated  with  fluid  motion  parallel  to  the 
surface  of  the  beam  could  account  for  additional 
fluid  damping.  This  dissipation  would  exist 
because  the  fluid  motion  at  the  surface  and  In 
the  plane  of  the  surface  must  vanish  because  of 
the  "non-slip"  condition  on  the  beam.  Thus  at 
structural  node  lines  the  motion  near  the  wall 
must  Increase  rapidly  from  zero;  the  resultant 
gradients  could  account  for  substantial  dissi¬ 
pation.  Of  course,  ibis  Is  In  the  realm  of 
some  speculation  because  support  losses  In  the 
current  experiment b  have  not  been  discounted 
from  Importance. 

We  point  out  again  that  the  experimentally- 
determined  curves  of  log-amplitude  v*  time  during 
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a  vibration  decay  waa  linear  thus  the  energy 
balance  was  not  notlcably  vibration-amplitude 
dependent.  Unfortunately,  the  Impact  measure¬ 
ments  could  not  be  controlled  to  yield  specified 
vibration  amplitudes,  but  the  peak  vibration 
levels  were  low  enyough  that  In  water  the 
Reynolds  number,  H-i  ,  where  u*  la  the  peak 
transverse  beam  velocity  amplitude,  was  always 
less  than  tO.  This  places  the  near-fleld  flow 
around  the  beam  in  the  viscous  flow  region  where 
Equation  (26)  is  most  apt  to  be  valid. 

The  results  show  also  that  fluid  damping 
can  contribute  materially  to  the  total  loss 
factor  measured  for  a  structure  Immersed  In 
the  fluid  and  could  conceivably  dominate  small 
to  modest  differences  In  measured  loss  factors. 
Since  fluid  effects,  both  acoustic  and  viscous, 
are  geometry-dependent  and  since  material 
specimens  for  testing  are  geometrically  dis¬ 
similar  to  their  eventual  application, the  need 
for  ln-water  damping  measurements  Is  questioned. 

It  would  be  more  advantageous  to  make  careful 
in-alr  measurements  to  at  least  establish  the 
material  loss  and  thereafter  estimate  analytically 
the  fluid  losses  involved  with  the  specific 
application  In  a  structure.  In  general  fluid¬ 
loading  will  be  a  nearly  lndetermlnant  variant, 
but  for  low  values  of  P0c0/(^jhu)  those  effects 
may  be  safely  neglected.  When  fluid-loading 
effects  are  Important,  erroneous  neglect  of 
those  effects  will  lead  to  an  overestimate  of 
the  fluid  radiation  damping. 
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DISCUSSION 


Mr.  Briggs  (General  Electric  Co.):  If  you 
used  your  viscous  damping  approximation,  and 
at  higher  frequencies  If  you  assume  turbulent 
flow  around  the  beam  and  use  turbulent  fluid 
flow  dampingi  how  does  that  compare  with  the 
dissipation  factors  that  you  obtained  from  the 
acoustical  observations,  or  did  you  do  that? 

Mr.  Blake:  The  peak  Reynolds  number, 
which  was  determined  after  the  first  impact, 
was  less  than  10  and  this  was  based  on  the  width 
of  the  beam.  The  flow  was  not  turbulent,  and  it 
is  pertinent  that  these  are  edge  effects.  Beams 
with  rounded  edges  and  beams  with  knife  edges 
gave  the  same  loss  factors.  So  it  has  to  do  with 
pressure  difference  associated  with  the  entrained 
inertia  between  the  upper  and  lower  surfaces  of 
the  beam  and  the  flow  around  it. 

Mr.  Baker  (Southwest  Research  Institute): 

In  the  past  we  have  done  quite  a  few  damping 
experiments  on  thin  beams  vibrating  transversely 
in  air.  The  same  effect  that  you  call  a  viscous 
effect  for  the  beams  vibrating  in  water  is  also 
present.  It  could  be  that  the  air  damping  will 
predominate  for  low  frequencies  for  slender 
cantilevers  or  free-free  beams,  vibrating  in  air. 

I  would  suggest  that  you  not  only  determine  the 
material  damping  out  of  water  but  out  of  air 
also.  Secondly  the  Reynolds  number  by  itself 
is  not  important.  This  non-zero  viscosity  and 
the  actual  physical  mechanism,  although  it  is 
only  affected  slightly  by  the  shape  of  the  beam, 
is  one  of  vortex  shedding  and  it  correlates  well 
with  some  old  work  that  Killigan  and  Carpenter 
have  done  at  NBS  on  moving  waves  past  little 
barriers. 

Mr.  Blake:  Actually  there  has  been  a  study 
of  the  air  damping  by  Kanesser  in  Germany  maybe 
15  years  ago.  He  stuck  a  beam  in  a  bell  jar  and 
evacuated  it  and  then  put  carbon  dioxide  in  and 
he  performed  the  same  kind  of  experiment. 


Mr.  Mains  (Washington  University):  The 
relationship  you  used  where  you  had  an  M  of  one 
kind  plus  an  M  of  another  kind  divided  by  one  of 
the  first  M’s  looks  very  much  like  the  virtual 
mass  way  of  doing  things  as  in  ship  design  work. 
Is  this  correct? 

Mr.  Blake:  Yes.  It  was  the  sum  of  the  beam 
mass  and  added  mass  divided  by  the  beam  mass. 

Mr.  Mains:  I  always  get  a  little  bit  fried  at 
this  added  mass  business.  It  is  so  easy  to  do  It 
as  a  velocity  dependent  force.  Why  do  you  not  do 
it  that  way  Instead  of  fiddling  around  with  added 
mass? 

Mr.  Blake:  Do  it  as  an  added  velocity 
dependent  force? 

Mr,  Mains:  Yes.  The  force  with  which  you 
are  dealing,  that  is  causing  this  change  in  be¬ 
havior  Is  one  that  is  dependent  cm  velocity.  Why 
do  you  not  put  it  in  the  velocity  term  instead  of 
in  the  acceleration  term? 

Mr.  Blake:  The  reason  for  accounting  for 
the  added  mass  that  way  was  because  it  depends 
differently  on  the  width  of  the  beam  than  the 
total  resistance.  I  wanted  to  make  a  clear  cut 
comparison  of  resistances  by  the  different 
mechanisms  so  I  thought  it  better  to  base  every¬ 
thing  on  the  dry  beam  mass. 

Mr.  Mains:  A  paper  about  1963  by  F.T. 
Mavis,  and  a  man  named  Crum,  in  either  the 
ASCE  Structural  or  Engineering  Mechanics 
Journal  compared  the  loss  of  frequency  in  air 
and  in  water  for  beams,  and  I  think  some  other 
shapes  too,  with  quite  interesting  losses  in 
frequency  resulting  from  submergence  in  water. 
You  might  find  it  worth  looking  up. 
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Structural  damping  using  constrained  viscoelastic  layers,  inserts, 
or  material  treatment  is  increasingly  being  used  to  control  the 
resonant  vibration  response  of  structural  systems.  Any  of  these 
techniques  impose  a  weight  and  cost  penalty.  In  this  study  we 
investigate  the  optimum  distribution  and  amount  of  damping 
treatment  for  controlling  the  vibration  response  of  a  uniform 
beam  in  bending  with  various  end  restraints.  For  reasonable  para* 
meters  it  is  found  that  optimal  distribution  is  highly  peaked  at 
the  center,  but  that  a  uniform  distribution  of  the  same  weight 
of  damping  treatment  will  increase  the  response  by  only  a  few 
percent.  It  is  also  found  that  optimum  damping  for  theoretical 
minimum  response  is  practically  unobtainable  so  that  almost  any 
increase  in  the  amount  of  damping  treatment  will  reduce  the 
vibration  level.  The  question  then  changes  from  one  of  structural 
optimisation  regardless  of  cost  to  one  of  cost-effectiveness. _ 


INTRODUCTION 


Modern  lightweight,  high 
strength,  high  speed  structures  are 
very  susceptible  to  damage  by  vibration. 
Deliberately  Introduced  damping  treat* 
went  is  being  used  more  and  more  to  con* 
trol  resonant  vibration  to  reduce  noise, 
improve  comfort,  or  control  fatigue 
failure.  Mow  chat  it  has  been  estab¬ 
lished  chat  such  treatment  is  useful 
for  anew  problems,  it  becomes  a  proper 
engineering  task  to  ask  about  the  .cost 
and  weight  tradeoffs.  The  technique* 
for  finding  the  response  of  beam*  in 
bending  for  various  configurations  and 
end  conditions  have  been  reduced  to 
practice  and  are  widely  cited  in  the 
technical  literature,  e.g.  ' 

Studies  have  been  made  to  find  opt  ism l 
configurations  («r  the  cross  sections 
of  damped  beams  of  uniform  cross  sectioi 
til.  The  techniques  for  finding  the 
vibration  response  of  complex  sttuctor.» 
with  many  degrr  »  of  freedom  and  cn-piex 
•ode  shapes  are  readily  Available  in 
current  tests,  e,g.  [i'. 

In  previous  studies  it  has 
been  shown  that  the**  are  optimal 
locations  and  strengths  for  r©* cent  ra¬ 
ted  dampers  in  distributed  systems 

If  the  strength  of  a  concentra¬ 
ted  damper  it  either  greater  than  or 
less  than  optimal,  the  vibration 


response  Is  Increased.  Fortunately, 
f.r  most  configurations  the  response 
level  U  not  very  sensitive  to 
reaionable  deviations  from  optlmslity; 
for  example  a  damper  of  either  twice 
or  halt  optimal  strength  will  Increase 
the  response  by  ebout  2i%  rVi, 
it  is  pertinent  to  ask  if  there  is  an 
optimal  distribution  of  distributed 
linear  damping  and,  if  so.  what  is 
the  sensitivity  to  deviations  from 
an  optimal  distribution. 

It  is  certainly  possible  to 
Investigate  this  oocstion  for  specific 
configurations  ana  the  methods  of 
this  report  can  be  used  for  such  a 
purpose,  it  might  he  of  somewhat 
wider  Interest  to  attempt  a  more 
general  problem.  In  this  report  we 
have  sought  the  optimal  distribution 
of  bending  damping.  Such  at  that  from 
constrained  viscoelastic  layers,  for 
a  uniform  beam.  The  effect  of  the 
impedance  of  the  end  supports  has 
been  investigated  but  no  attempt  was 
made  to  determine  the  effect  «  dif¬ 
ferent  kinds  and  locations  of  vibratory 
loads.  Previous  work  Indicates 
except  for  pathologies!  cs#**,  the 
optimum  answer  does  not  depend  markedly 
on  such  parameters.  TV  Answer  on* 
gets  for  optimum  deap*i>~  doe*  depend 
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on  the  criterion  used;  in  one  case  the 
value  changed  by  a  factor  of  4  to  1 
depending  on  which  of  three  reasonable 
criteria  were  chosen  [7],  however,  if 
the  middle  value  were  chosen,  the 
response  at  the  extremes  was  only 
increased  by  257.  as  expected. 

iffiTHOi) 


The  method  used  in  this  study 
w to  choose  a  particular  beam  and 
support  combination,  and  then  conduct 
a  search  in  function  space  for  that 
dist “ibution  and  amount  of  bending 
damping  which  would  minimire  the 
maximum  response  over  the  whole  frequen¬ 
cy  range.  The  search  was  made  with  a 
digital  computer  using  a  technique 
previously  developed  [5]  which  consists 
of  changing  the  minimax  problem  to  one 
of  unconstrained  minimization.  This  is 
done  by  finding  the  maximum  response  as 
a  function  of  frequency  for  each  trial 
configuration  and  minimizing  this 
auxiliary  function  with  respect  to  the 
other  parameters  of  the  problem.  A 
number  of  search  techniques  can  be 
employed,  the  particular  one  used  was 
a  second  order  gradient  controlled 
iteration. 

The  problem  was  also  changed 
from  a  search  in  Hilbert  space  for  the 
configuration  of  a  continuous  system 
to  one  in  Euclidean  space  with  a  finite 
number  of  dimensions  pv  expanding  the 
continuous  functions  in  a  set  of 
appropriate  functions,  using  the  coef¬ 
ficients  of  the  expansion  as  the  control¬ 
ling  parameters  and  truncating  the 
scries  at  a  point  where  the  answer 
was  essentially  Independent  of  the 
number  of  terms.  The  rate  of  conver¬ 
gence  of  this  technique  has  not  been 
formally  investigated  but  there  should 
be  no  difficulty  with  it  if  sufficient 
care  is  taken  in  the  choice  of  functions. 


This  means  that  a  relatively  small 
number  of  generalized  coordinates  give 
an  adequate  description  of  the  deflec¬ 
tion  shape. 

For  simplicity,  we  have  con¬ 
fined  our  study  to  linear  damping; 
since  the  active  frequency  range  of 
interest  is  narrow,  the  frequency 
dependence  is  relatively  unimportant. 

In  this  study  we  have  chosen  to  use 
structural  damping  in  which  the  energy 
dissipation  per  cycle  is  proportional 
to  the  maximum  strain  energy  regardless 
of  frequency.  The  use  of  viscous  or 
other  frequency  dependent  damping 
would  have  little  influence  on  the 
results. 


The  problem  studied  is  the 
configuration  shown  in  figure  1.  The 
governing  equation  is  [4]; 


.Felttt 

L/2  _4e—  L/2 


IE  0  +  it|(x)) 
- - ■ 

5  k<l+iI)E)  ve’“ 

1  k<l+lM 


Fig.  1  -  Beam  Configuration 


SYSTEM  PARAMETERS 

In  this  study  we  chose  to 
examine  the  specific  problem  of  a  uni¬ 
form  beam  in  bending,  supported  at  the 
ends  by  damped  linear  springs  offering 
no  moment  constraint,  and  excited  at 
the  center  by  a  concentrated  transverse 
load  with  sinsusoidai  time  variation. 

The  response  criterion  was  the  trans¬ 
verse  displacement  at  the  center.  As 
mentioned  before,  the  objective  was  to 
find  that  distribution  and  amount  of 
bending  damping  which  minimizes  the 
response  ratio  maximized  with  respect 
to  frequency.  In  all  of  our  studies 
we  have  found  that  for  any  reasonable 
distribution  of  damping  tne  maximum 
response  ratio  is  at  that  frequency 
corresponding  to  the  first  bending  mode. 


2  2v 

(EI(1+1ti(x))  2*  + 
ax*  ax* 

pA  ■  q(x,t) . 

at* 


(1A) 


Making  the  harmonic  substitution  so  that; 


q(x,t)  -  q(x)eiujt  etc. 


d2  EI(l+r\(x))  d2v  -  Afx»2v  -  q(x) 

^  =*  (,,, 
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This  equation  can  be  put  into  discrete 
algebraic  form  by  taking  advantage  of 
Its  self-adjointness.  To  do  this,  wo 
expand  v  in  a  set  of  functions  complete 
over  th:  interval  0  to  L,  letting: 

v(x>  E  aj  (x)  (2) 

We  substitute  this  expansion  into  equa¬ 
tion  IB,  multiply  by  o^(x),  integrate 

over  0  to  L  (inner  product),  and  inter¬ 
change  summation  and  integration: 

£  aj1*  V(x)  *L  EI(l+in(x))  dVoti  dx 

j  0  dx2  dx2 


This  same  expansion  is  not  convenient 
for  the  dissipation  term  so  we  let 


r,(x)  -  Z  bt  (x) 
and  define 

Dijk  "  JqEI  *i(x)^"(x)»k,,(x)dx  (6) 

Letting 

L 

Qk  “  JQ  <k<x)  q(x)dx  (7) 


-r  ajW2J^pA»k(x)<?j(x)dx  -  J^MqfxJdx 

The  first  integral  may  be  integrated 
twice  by  parts  to  give: 

^  Ta,(EI(l+n(x))<p.")'  |q 
j  j  j 

-  Ea^Kl+nCx))^1  |q 

fL 

+  Za^  (El(l+T',(x))^jl"^jH  dx 

J  ^ 

-^jJ0L 


equation  3  becomes: 

Zaj[k(l+ir,E)  (0)^(0)+^  (L)^(L)  3 

+  ^*jSjk  +  ij^ajbiDijk  ‘  v2 jMjk  ”  Ok 

(8) 

The  trick  is  now  to  choose 
the  {M(x)  and  the  ti(x)  to  form  com- 
pleteJsets,  to  minimize  the  coupling 
among  the  equations  and  to  get  Che 
fastest  convergence.  Since  the  system 
and  the  external  excitation  are  both 
symmetric,  the  optimal  damping  distri¬ 
bution  and  the  response  will  also  be 
symmetric  about  the  midpoint.  With 
these  criteria,  the  functions  used 
were: 


PL 

*k  <x>  q  <x)  dx 


(3) 


The  first  summation  is  the  shear  force 
evaluated  at  the  support  points  and  the 
second  is  the  bending  moment  at  the 
same  points.  Using  the  boundary 
conditions,  the  bending,  moment  is  zero 
(simple  support)  and  the  shear  force  is 


£E(1+T)(x))fjn) 


L 

0 


%  ■  1 

(p.  -  sin  (2j-l)Ttx  j-1  .  .  .  CW) 


*o  “  1 

♦j  “  cos  2 j  ttx 


j-1  .  .  .  06/ 


V(9> 


Then 


-  +  k  (l+inE)i:aj«Pj  (4) 


Now  let 


SJK 

SJJ 


-  0 
-  0 

-  E1L 


T" 


(2J-1) 


L  L 


I 


J  i  k 

ouj2-M0(2j-l)\2 

T 

(10) 


(Note,  are  the  odd  frequencies  of  a 
simply  supported  beam  in  bending.) 
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Hoj  -  0 
Mjk-  0 

Mjj  "  **  i 

2  2 


j  1»  k 


(11) 


7 


Dojk  "  0 


-  0 

-  EIL 
2 

1  +  0 


p2j-l)n  4 


j  or  k  *  0 
J  1*  '* 
j  -  k 

(12) 


Dijk  -  BIL<2J-l)2(2k-l)V;i+(j-k)-0 


j? 


EIL(2j-l)2(2k~l)2n4 jl+(j+k)-0 
4 


I* 


For  a  concentrated  load,  F,  at  the 
center 


-  (-l)-5+1  F 


(U) 


It  should  also  be  noted  that 


%  (°)  *  ¥0  (L)  **  1 


and  (0)  -  i (L)  «  0  j>0 

For  optimlzatlon^purposes  we  let  F-l 
and  take  v(L/2)<<  as  the  objective 
function. 

v(L/2)  2 *  |E  <-l)j+1  a, |  2  (15) 

'j  j 

The  optimization  problem  has 
now  been  reduced  to  minimizing  the 
objective  function,  equation  (15) , 
with  respect  to  the  parameters  bj.  and 
maximizing  with  respect  to  w?  where 
the  components  of  the  objective  function 
are  determined  by  equation  (8).  A 
sufficient  number  of  the  aj  must  be 
takon  that  the  result  is  essentially 
unchanged  by  increasing  the  number.  In 


our  case  we  found  that  8  degrees  of 
freedom  was  ample  for  the  symmetric 
problem.  The  results  msy  be  constrained 
by  limiting  the  number  of  bi  considered; 
if  only  bo  is  used,  then  the  optimal 
value  for  uniform  damping  is  found.  As 
many  as  six  h'a  were  Included  to  define 
the  optimum  distribution  of  damping. 

Us ing  the  methods  outlined 
previously  [5)  the  distribution  of 
damping  required  to  minimize  the  maxi¬ 
mum  value  of  v(L/2)  at  any  frequency 
was  found  for  a  range  of  stiffnesses 
and  damping  in  support  springs.:  The 
distribution  of  damping  and  the  relative 
vibration  ai^plitude  depend  only  on  the 
ratio  of  spring  stiffness  to  beam  stiff¬ 
ness,  The  dimensionless  stiffness  is 
descrioed  in  terms  of  that  pals’  of 
springs  which  would  give  the ; same  fre¬ 
quency  as  the  simply  supported  beam  if 
the  beam  were  a  rigid  mass; 

kQ  -■  tt4EJ 


All  frequencies  are  referred  to  the 
lowest  sirosly  supported  bending 
beam  mode 


The  relative  amplitudes  are  given  in 
terms  of; 

v0  -  x0  -  F/2k0 


i  i  i 

0  x/L  I 


Fig.  2  -  Optimum  Distributed  and 
Uniform  Damping 
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Figure  2  shows  the  optimal 
distribution  of  damping  for  very  stiff 
fk/k0  -  100)  and  medium  stiff 
Oc/ko  *  1)  supports  for  two  different 
loss  tangents  (i»  ■  0  and  0,5).  The 
optimal  uniform  damping  is  shown  for 


comparison.  Figure  S  shows  the 
frequency  response  with  very  stiff 
undamped  supports  for  non-qptimal 
damping.  Figure  4  shows  optimal  uni¬ 
form  damping  versus  support  stiffness 
with  support  damping  as  a  parameter; 
the  amount  of  optimally  distributed 
damping  varies  In  about  the  same  way. 


F-fcg.  4.  Optimum  Uniform  Damping  vs. 
Support  Stiffness 


QUALITATIVE  RESULTS 

We  are  Interested  in  the 
effects  of  the  various  parameters  on 
the  response  maxioriaed  with  respect 
to  frequency.  The  significant  para¬ 
meters;  for  this  problem  are 

1. )  Beam  damping  distribution 

2. )  Amount  of  beam  damping 

J.)  End  support  stiffness 

4.)  End  support  damping  ratio 

The  last  two  terms  may  be  considered 
as  representative  of  the  impedance 
of  the  end  support  with  the  stiffness 
corresponding  to  the  reactive  portion 
and  the  support  damping  ratio  corres¬ 
ponding  to  the  loss  tangept,  There 
is  little  difference  in  optimal  beha¬ 
vior'  between  a  mass- like  termination 
and  a  spring-like  termination;  the  only 
obvious  effect  is  to  make  the  frequency 
shift  for  maximum  response  positive 
instead  of  negative.  Therefore  only 
one  of  these,  the  spring-like  support, 
was  studied. 

If  the  relative  impedance 
is  very  high,  further  Increases  make 
little  difference  to  a  beam  with 
reasonable  amounts  of  damping;  the 
beam  behaves  like  a  simply  supported 
beam  on  a  rigid  support.  As  a  result 
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for  values  of  ti(x)  less  than  1,  there 
are  resonances  at  each  of  the  symmetric 
beam  bending  frequencies  whose  ampli¬ 
tudes  are  controlled  by  the  beam 
damping  (Fig.  3,  C  *  10-5).  For 
values  of  j)  greater  than  1(C~10*2)  the 
beam  bending  resonances  are  almost 
suppressed.  From  a  practical  stand¬ 
point,  values  of  ^  much  larger  than 
1  are  of  little  Interest  because 
materials  do  not  have  such  large 
damping  factors;  nonetheless  it  is 
interesting  to  note  that  the  optimum 
damping  is  essentially  that  which 
makes  the  beam  impedance  match  the 
support  impedance. 

For  support  impedances  comp¬ 
arable  to  the  beam  impedance,  the 
optimum  is  still  appreciably  larger 
than  1  so  that  any  practical  construc¬ 
tion  is  suboptimal  (fig.  4).  As  the 
supporting  impedance  becomes  very 
email,  the  beam  starts  acting  like  a 
free- free  beam  and  optimization  depends 
on  whether  the  very  low  frequency 
behavior  is  of  interest.  Since  in 
most  practical  structures,  low  support 
impedance  is  associated  with  internal 
resonances,  this  implies  relatively 
high  frequencies.  As  a  result, 
regardless  of  the  answer  for  the 
simplified  analysis  of  the  case  of 
constant  support  stiffness,  a  loss 
tangent  for  the  beam  as  high  as  can 
be  obtained  will  almost  always  be 
desirable. 

The  qualitative  behavior  of 
this  system  is  much  like  that  of  other 
multi-degree  of  freedom  systems  (fig. 4), 
For  light  damping,  («1,  the  beam 
resonances  and  anti- resonances  succeed 
themselves  in  an  orderly  fashion  as 
the  frequency  is  Increased.  As  the 
beam  damping  is  Increased  above  1, 
the  beam  bending  modes  are  suppressed 
and  the  maximum  amplitude  continues 
to  decrease  in  value  and  increase 
in  frequency  until  an  approximate  im¬ 
pedance  match  is  obtained.  The  opti¬ 
mum  damping  gives  maximum  response  at 
a  frequency  between  the  lowest  beam 
bending  frequency  and  the  frequency 
corresponding  to  the  beam  mass  on  the 
support  stiffness.  Increasing  the 
damping  still  more  makes  the  beam  act 
like  a  rigid  mass  whose  response  is 
controlled  by  the  support  damping. 
Damping  either  greater  than  or  less 
than  optimal  Increases  the  maximum 
response  according  to  [2]: 

vmax  "it _ +  22Rtl 

^vmax^opt  2bopt  ^  J 


This  simple  relationship  is 
invalid  for  beam  damping  so  large 
that  the  vibration  amplitude  is  con¬ 
trolled  by  the  support  damping.  As 
mentioned  before,  this  is  of  little 
practical  interest  except  for  very 
flexible  supports. 

Camping  distribution 

The  major  purpose  of  this 
study  was  to  find  if  large  gains  could 
be  had  by  properly  distributing  the 
damping.  Because  the  surface  in  para¬ 
meter  space  is  so  flat  near  optimum 
damping,  major  changes  in  the  distri¬ 
bution  make  little  difference  in  the 
response  if  the  average  value  is 
about  right.  For  flexible  supports, 
optimum  distribution  is  almost  uniform 
(fig.  2).  As  either  the  stiffness 
or  the  damping  of  the  support  is 
increased,  the  optimum  damping  distri¬ 
bution  becomes  highly  peaked  in  the 
middle  of  the  beam  as  might  be  expected. 
For  a  dimensionless  spring  constant  of 
1  and  rig  -  0.5,  the  optimum  distribu¬ 
tion  of  n(x)  varies  by  a  factor  of 
5  to  1  from  center  to  ends;  however, 
the  response  only  increases  by  17.  be¬ 
tween  optimally  distributed  damping 
and  optimum  uniform  damping.  Similar 
results  are  had  for  other  stiffness 
values.  There  Is  a  weight  penalty  for 
using  uniform  damping;  the  total 
amount  of  optimum  uniform  damping  is 
1.5  times  that  of  optimally  distributed 
damping.  However,  if  this  latter 
were  uniformly  distributed  so  as  to 
give  0.67  times  the  optimum  uniform 
damping,  the  response  would  only 
increase  by  87,  more.  One  would  expect 
similar  results  for  any  degree  of  end 
fixity,  linear  or  angular. 

CONCLUSIONS 

The  maximum  vibration  response 
of  uniform  beams  in  bending  is  relative¬ 
ly  insensitive  to  deviations  from  opti¬ 
mum  damping  distribution  in  the  direc¬ 
tion  of  uniformity.  Obviously  the 
converse  cannot  hold;  if  bending 
damping  were  concentrated  at  points 
along  the  beam  where  the  bending 
moment  were  zero,  it  would  have  no 
net  damping  effect. 

This  conclusion  is  subject 
to  the  limitations  of  the  type  of 
system  Investigated.  The  one  described 
here  is  highly  symmetrical:  the  two 
end  supports  are  the  same,  it  is  loaded 
at  the  center  and  the  controlled  re¬ 
sponse  is  at  the  center.  It  would 
undoubtably  be  possible  to  construct 
a  pathological  case  in  which  an 
optimum  distribution  would  reduce  a 
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response  manyfold  below  that  of  a 
uniform  distribution. 

In  view  of  the  largo  varia¬ 
tion  of  the  impedance  of  structural 
attachment  points  with  frecvsency,  the 
difficulty  of  constructing  a  nor.- 
uniform  damping  distribution  and  the 
relatively  small  return  to  be  had 
from  it  for  eny  reasonable  choice  of 
parameters,  we  are  forced  to  conclude 
that  a  uniform  distribution  of  damping 
is  best  for  uniform  beams  in  bending 
regardless  of  end  fixity.  Except  for 
unusual  configurations,  the  larger 
the  damping  factor  Lhe  smaller  the 
maximum  response;  since  we  can  hardly 
get  values  of  r|  greater  than  1,  optimal 
amounts  and  distribution  of  damping 
cannot  be  had  for  ordinary  beams  on 
supports  of  reasonable  stiffness. 

This  conclusion  does  not  hold  for 
amplitude  dependent  damping  devices 
such  as  tuned  absorbers;  in  their 
case  the  desirable  location  is  criti¬ 
cally  dependent  on  the  tuning  fre¬ 
quency  and  overdamping  is  all  too 
easy. 
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DISCUSSION 


Mr.  Peralta  (Bell  Telephone  Laboratories): 
Did  you  investigate  whether  the  addition  of 
damping  in  the  supports  would  lead  to  a  more 
practical  distribution  of  optimum  damping? 

Mr.  Plunkett:  Yes  we  did  investigate  that, 
especially  the  effects  of  added  damping  in  the 
supports.  I  put  values  of  r\  of  10  and  100  etc. 
into  the  supports  and  found  that  it  did  not  make 
any  difference  at  all. 

Mr.  Thomas  (Naval  Ship  Research  and 
Development  Center):  Are  you  familiar  with 
Nelson's  and  lioke’s  work  reported  in  an  ASME 
publication  about  a  year  ago  that  sort  of  contra¬ 
dicts  your  results  both  analytically  and  experi¬ 
mentally? 

Mr,  Plunkett:  No. 

Mr.  Lelbowitz  (Naval  Ship  Research  and 
Development  Center):  It  appears  to  me  that 
your  optimum  results  apply  to  the  modal  pat¬ 
terns  that  are  forced  by  the  excitation  at  the 
center  of  tho  beam,  if  however  there  were  a 
special  distribution  of  forces  I  do  not  see  that 
that  would  be  the  optimum  result. 


Mr.  Plunkett:  You  are  absolutely  correct 
and  in  good  academic  tradition.  I  always  open 
an  escape  hatch  behind  the  written  paper  because 
I  can  always  be  misquoted  during  my  presentation. 
I  am  certain  that  a  pathological  case  can  be  built 
that  will  contradict  these  general  conclusions. 
There  might  be  an  excitation  that  would  excite 
only  the  tenth  mode  of  the  beam  and  I  am  certain 
It  is  an  optimum  distribution.  There  is  one  that 
is  considerably  more  unsymmetric  than  that. 

You  are  absolutely  correct. 


Mr.  Lelbowitz:  I  refute  your  statement 
that  this  is  the  general  case. 


Mr.  Plunkett:  I  agree,  this  is  not  the  gen¬ 
eral  easel  Various  studies  indicate  that  most 
things  of  interest  are  relatively  symmetric. 
The  general  statement  that  you  cannot  find  an 
optimum  distribution  that  will  vary  much  from 
uniform  of  course  is  incorrect.  For  example 
for  tuned  absorbers  we  know  that  there  are 
optimum  positions  for  damping  out  specific 
modes. 
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A  LAYERED  VISCOELASTIC  EPOXY 


RIGID  FOAM  MATERIAL  FOR  VIBRATION  CONTROL 


C.  V.  Stahle  and  Dr.  A.  T.  Tweedie 
General  Electric  Company 
Space  Division 
Valley  Forge,  Pa. 


An  approach  to  the  control  of  vibration  is  presented  which  uses  a 
combination  of  a  rigid  polyurethane  foam  layer  and  a  viscoelastic  epoxy 
high  damping  layer.  The  layered  configuration  offers  the  advantages  of 
both  stiffness  and  high  damping  when  applied  to  sheet  metal  panels.  The 
rigid  foam  layer  is  used  to  offset  the  damping  layer  from  the  metal  sur¬ 
face  to  be  controlled.  The  effect  of  the  foam  is  to  impose  larger  strains 
on  the  damping  layer  resulting  in  a  much  higher  loss  factor  for  the  lay¬ 
ered  configuration  than  could  be  obtained  using  the  damping  material 
directly  on  the  metal  surface.  The  viscoelastic  epoxy  (SMRD  100F50) 
has  a  higher  loss  factor  than  some  of  the  available  viscoelastic  mater¬ 
ials.  Additional  advantages  are  that  both  the  foam  and  the  viscoelastic 
material  are  castable,  have  low  outgassing  properties,  and  have  a  low 
density  compared  to  other  available  viscoelastic  materials. 

Experimental  results  are  presented  for  cantilever  beam  element  tests 
uaed  to  determine  the  damping  characteristics  of  selected  space  com¬ 
patible  materials  and  evaluate  layered  and  laminated  configurations. 

The  use  of  the  layered  material  for  a  relay  panel  installation  in  the 
NASA-Goddard  Space  Flight  Center  Earth  Resources  Technology  Sat¬ 
ellite  Power  Switching  Module  is  described  and  vibration  test  results 
are  presented. 


INTRO  DUCT  ION 

The  design  of  spacecraft  electronic  compon¬ 
ents  to  withstand  the  launch  vibration  environment 
requires  packaging  methods  which  provide  both 
stiffness  and  damping.  The  required  rigidity  of 
the  design  depends  on  the  vibration  environment 
of  the  component  as  reflected  in  the  component 
vibration  specification.  In  general,  packaging 
methods  which  provide  dynamic  magnifications 
of  less  than  10  are  considered  to  have  adequate 
damping,  although  emalier  magnifications  are 
sometimes  required. 

Early  vibration  development  testa  of  the  NASA- 
Goddard  Space  Flight  Center  Eaith  Resources 
Technology  Satellite  (ERTS)  Power  Switching 
Module  (PSM)  indicat'd  that  although  the  pack¬ 
aging  design  provide  I  adequate  stiffness,  addi¬ 
tional  damping  was  needed  to  assure  the  adequacy 
of  the  design.  The  component  vib.-atlon  specifi¬ 
cation  subjected  the  PSM  to  sinusoidal  vibration 


levels  in  the  thrust  axis  of  lOg  in  the  frequency 
range  from  60  to  ISO  Herts  while  the  level  was 
reduced  to  Sg  above  150  Herts.  Consequently, 
the  design  gosl  was  to  provide  resonance;) 
above  150  Herts,  The  PSM  is  comprised  of  two 
major  sections;  a  section  containing  printed 
circuit  boards  and  a  section  containing  two 
relatively  large  relay  panels.  Figure  1,  Al¬ 
though  adequate  stiffness  could  readily  be  pro¬ 
vided  for  the  PC  boards,  the  relay  panels 
weighed  approximately  3  pounds  each  and  were 
designed  using  .093  inch  aluminum  sheet  sup¬ 
ported  to  the  basic  box  structure  cm  three  edges 
and  including  an  angle  stiffener  in  the  center  of 
the  panel.  The  vibration  response  near  the 
center  of  the  panel,  Figure  2,  showed  that  the 
fundamental  resonant  frequency  was  adequate. 
160  Herts,  but  that  the  dynamic  magnification, 
90,  was  excessive.  Studies  were  subsequently 
initiated  to  evaluate  relay  panel  modifications 
which  would  provide  ^cth  the  deaired  stiffness 
and  damping  to  the  design.  Because  the  design 


is  required  to  be  space  compatible,  the  materials 
used  to  provide  damping  were  limited  to  those 
known  to  be  space  compatible  and  required  ini¬ 
tial  evaluations  of  their  damping  characteristics. 

The  following  sections  of  this  paper  de¬ 
scribe  the  space  compatible  materials  selected 
for  evaluation,  the  method  and  results  of  the 
damping  tests  of  these  materials,  and  the  modifi¬ 
cation  of  the  relay  panel  to  provide  both  stiffness 
and  damping.  A  unique  layered  material  config¬ 
uration  resulted  which  appears  to  have  applica¬ 
tion  to  many  other  design  problems. 

MATERIAL  SELECTION 

The  requirements  for  a  vibration  damping 
material  for  use  on  a  spacecraft  include  space 
compatibility,  and  low  weight,  as  well  as  high 
hysterr.-is  in  the  frequency  range  of  interest. 
Space  compatibility  in  the  intended  application 
(inside  a  -  l/xment)  means  low  outgassing  under 
vacuum.  ’  ,ne  material  was  exposed  to  the  space 
environment  directly,  resistance  to  ultraviolet 
light  and  ionizing  radiation  would  also  be  a  factor. 
In  addition,  of  course,  the  material  must  meet 
the  usual  requirements  of  having  adequate  mech¬ 
anical  and  physical  properties  and  be  capable  of 
being  satisfactorily  processed. 

The  materials  selected  for  testing  came 
originally  from  a  list  of  materials  already 
approved  for  use  on  the  spacecraft.  They  all  had 
been  tested  for  outgassing  rate  and  found  to  be 
satisfactory.  A  polyurethane  conformal  coating 
and  potting  compound,  Solithane  113-300,  Thiokol 
Chemical  Co.  ,  was  selected  for  teat  as  a  typical 
space  compatible  urethane  elastomer,  although 
it  was  felt  that  it  was  rather  more  elastic  than 
wanted.  A  polyurethane  rigid  foam  that  met  the 
outgassing  requirements.  Eccofoam  FPM,  12  lb.  / 
ft.  Emerson  fc  Cummings  was  tested  as  a 
stiffening  and  spacer  material.  A  flexible  non- 
plasticized  epoxy  resin  developed  at  CF.  Space 
Systems  as  a  sterilizable  conformal  coating  and 
polting  compound  was  chosen  for  test  because  it 
appeared  to  have  good  damping  characteristics 
to  the  touch.  This  material,  fie  signaled  SMR  D 
100,  with  some  modifications,  proved  to  have  the 
necessary  properties  to  solve  the  problem,  SMRD 
100  is  a  clear  amber  viscoelastic  material  that 
is  used  as  a  c  onformal  coating  and  potting  com¬ 
pound  where  relief  of  strains  induced  by  high  temp¬ 
erature  cycling  is  wanted.  It  offers  good  adhesion 
to  most  substrates  like  any  epoxy  and  will  with¬ 
stand  long  time  exposure  to  120°C  temperatures. 
Two  other  versions  of  SMRD  100  were  also  tested, 
SMRD  101  is  a  clear  slightly  softer  version  and 
SMRD  100F,  which  is  filled  with  glass  micro¬ 
spheres  (Eccospheres,  Emerson  h  Cummings)  to 
reduce  weight.  SMRD  100K  can  be  made  in  a  wide 


range  of  hardnesses.  The  SMRD  100F  ma¬ 
terial  used  for  this  program  has  a  nominal 
hardness  of  50  using  a  Shore  A  durometer. 

It  Is  therefore  designated  SMRD  100F59.  The 
nominal  properties  of  the  SMRD  101  and  SMRD 
100F50  are  given  In  Table  1. 

The  SMRD  100  compounds  used  for  this 
program  were  cast  in  Teflon  coated  aluminum 
molds  in  thicknesses  ranging  from  1/8"  to 
3/4"  thick.  The  resulting  sheets  were  either 
used  as  cast  or,  where  dimensions  were  criti¬ 
cal,  machined  to  size  oh  a  milling  machine 
using  a  fly  cutter.  The  very  soft  SMRD  100F50 
has  sticky  surfaces  when  freshly  machined  so 
that  without  special  care  and  technique,  the 
cuttings  adhere  to  the  surface.  Use  of  a  spray 
of  fluorocarbon  solvent  on  the  material  lubri¬ 
cates  and  cools  the  material  making  it  stiff 
allowing  normal  machining.  A  hand  wash 
bottle  of  fluorocarbon  solvent  has  been  found 
satisfactory.  Although  the  fluorocarbon  sol¬ 
vent  is  not  toxic,  adequate  ventilation  should 
be  provided  to  prevent  excessive  build  up  of 
fumes. 

Sheets  of  SMRD  100  and  SMRD  100F50  can 
be  bonded  to  foam,  aluminum,  or  other  mater¬ 
ials  using  epoxy  adhesives,  for  example  EPON 
82’8  and  TETA,  Shell  Chemical  Co.  ^or  appli¬ 
cations  where  it  is  not  convenient  to  use  cured 
sheets  of  the  compounds,  they  can  be  cast  in 
place.  They  require  a  cure  time  of  24  hours 
at  1 15°C. 

CANTILEVER  BEAM  ELEMENT  TESTS 

Cantilever  beam  element  tests  were  used 
to  establish  the  stiffness  and  damping  charac¬ 
teristics  of  the  various  materials  and  to  in¬ 
vestigate  several  material  combinations.  The 
basic  test  arrangement  followed  that  of  Nashif 
( 1),  but  was  modifii  d  to  enable  a  number  of 
samples  to  be  tested  simultaneously.  A  series 
of  cantilever  beam  elements  were  mounted  to 
a  shaker  and  excited  using  base  excitation. 
Figure  3.  Using  the  basic  relations  for  exci¬ 
tation  of  uniform  cantilever  beam  modes 
through  base  excitation,  the  damping  of  the 
test  beam  can  readily  be  determined  from  the 
dynamic  magnification  at  the  tip  of  the  beam. 
The  relation  for  material  loss  factor  and  stiff¬ 
ness  can  then  be  determined  using  the  equations 
presented  by  Nashif  (1). 

The  cantilever  beam  specimens  that  were 
evaluated  are  summarized  in  Table  2.  Speci¬ 
men  No,  1,  a  bare  .093"  aluminum  beam  pro¬ 
vided  a  baseline  configuration  while  Specimen 
Numbers  2,  3,  4  and  5  werr  used  for  evaluating 
material  characteristics  of  conlorma!  coating. 
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TABLE  1 

Physical  Properties  of  SMRD  101  sad  SMRD  100F50 


Property 

SMRD  101 

SMRD  100F50 

Specific  Gravity 

6  20  -  24°C 

1.08 

.72 

Hardness,  Shore 

D4S 

A50 

Thermal  Conductivity 
BTU/Hr. /Ft.*/°F/Ft.  1 

.08 

Volume  Resistivity 

Ohm  -  cm.  Min. 

1  x  10U 

Dielectric  Constant 
§  i  MKs.  Max. 

4.0 

Compressive  Stress  at 

10*1  Compression,  pal 

.03 

44 

Ftf  i  -  Cantilever  Ream  Specimen 


M 


TABLE  2 

Cantilever  Beam  Teat  Specimen  Descriptions 


X 

Dimensional  Data  1 
«1  »2 

Materials 

Description 

(Inches) 

A 

Bare  Aluminum  Beam 

1 

fBSff 

N/A 

N/A 

N/A 

Conformal  Coating 

? 

1 

N/A 

Solithane  ID- 
100 

N/A 

Polyurethane  Foam 

7 

H 

N/A 

Eccoloam 

FPH-U 

N/A 

Viscoelastic  Epoxy 

7 

0.25 

N/A 

SMRD  101 

N/A 

Viscoelastic  Epoxy 

7 

0.  25 

N/A 

SMRD 

100F50 

N/A 

Viscoelastic  Epoxy/Poly* 
urethane  Foam  Layered 

7 

0.5 

0.25 

Polyurethane 
Foam  (Eeco- 
R>am  FPIi-12 

SMRD 

100F50 

Viscoelastic  Epoxy /Poly- 
urethane  (One  Side  Only! 

7 

0,5 

0.  25 

Polyurethane 
Fum  FPfi-ii 

SMRD 

I0GF50 

Viscoelastic  Epoxy/ Poly¬ 
urethane  foam  Layered 

7 

0. 

0.  25 

Polyurethane 
Foam  FPH-U 

SMRD 

lot 

Viscoelastic  Epoxy/ Poly¬ 
urethane  Foam  Layered 

7 

0.  475 

0  125 

Polyurethane 
Foam  FPH-U 

SMRD 

101 

Viscoelastic  Epoxy  Laminate 
(Two  09*  Al.  Beams) 

*  7 

0,  125 

SMRD  iol 

Hi  A 

polyurethane  foam,  SMRD  101  and  SMRD  100F5D. 
Specimen  Numbers  6  through  10  provided  com¬ 
parative  data  for  layered  configurations  using 
Polyurethane  foam  with  SMRD  100F50  and  SMRD 
101  as  well  as  a  laminated  configuration  using 
SMRD  101. 


cantilever  mode  of  a  beam,  4,  the  composite 
loss  factor  can  be  obtained  from  the  express¬ 
ion 


The  results  of  these  element  tests  are  sum¬ 
marized  in  Table  3  for  various  accelerations  of 
the  base  of  the  beam.  From  the  results  of  the 
material  evaluation,  Specimen  Numbers  2  to  5, 
it  is  evident  that  conformal  coating  and  polyure¬ 
thane  foam  have  little  damping  although  the  Doly- 
urethane  foam  is  effective  as  a  stiffening  material. 
Although  both  SMRD  101  and  SMRD  100F50  provide 
a  much  higher  damping,  SMRD  100F50  is  the  bet¬ 
ter  of  the  two  damping  materials.  In  order  to  ob¬ 
tain  both  stiffness  and  damping,  a  layered  con¬ 
figuration  using  SMRD  100F50  and  SMRD  101  in 
combination  with  the  polyurethane  foam  was  sel¬ 
ected,  Specimen  Numbers  6,  8  and  9.  Compari¬ 
son  of  the  dynamic  magnification  factors  for 
these  layered  specimens  indicates  that  SMRD 
100F50  is  the  most  effective  from  the  standpoint 
of  damping  while  the  stiffness  is  not  appreciably 
affected.  In  order  to  arrive  at  a  configuration 
adaptable  to  the  relay  panel  modification,  the 
layered  Polyurethane  Foam/SMRD  100F50  speci¬ 
men  was  modified  to  a  one-sided  configuration. 
Specimen  No.  7,  Although  there  was  a  toss  in 
stiffness,  the  damping  was  not  appreciably 
affected.  The  laminated  configuration  using 
SMRD  101  (Specimen  No.  10)  did  not  appear  to 
provide  a  significant  increase  in  damping  rela¬ 
tive  to  the  other  layered  configuration  (No.  4), 
although  it  was  much  stiffer. 

The  apparent  loss  in  damping  of  the  SMRD  101 
layered  specimens  with  an  increase  in  the  thick¬ 
ness  of  the  damping  layer  seems  to  indicate  an 
optimum  thickness  of  damping  material.  Comp¬ 
arison  of  the  dynamic  magnification  factors  of 
Specimens  No.  8  and  9,  indicates  that  the  dyna¬ 
mic  magnification  was  increased  from  approxi¬ 
mately  7  to  approximately  13  when  the  thickness 
of  the  SMRD  101  was  increased  from  1/8  inch  to 
1/4  inch.  Although  this  change  could  be  due  to 
frequency  dependent  damping  effects,  It  seems 
more  likely  that  the  thicker  SMRD  101  was  suffi¬ 
cient  to  overpower  the  foam  material  so  that  it 
was  not  strained  to  the  same  degree  as  the  thin¬ 
ner  material.  On  the  other  hand,  the  SMRD 
lOOFSO  is  soft  compared  to  the  SMRD  101  and 
was  effectively  strained  through  the  foam  layer. 

MATERIAL  LOSS  FACTORS 

The  material  loss  factors  were  determined 
for  the  various  materials  tested  to  compare  with 
other  available  damping  materials.  Using  the 
equation  for  base  excitation  of  the  fundamental 


where  the  denominator  accounts  for  the  in- 
phase  and  qi  adrature  components  of  the  re¬ 
sponse.  Then  from  Naahif  (1),  the  relative 
bending  stiffness  and  material  loss  factor  are 
defined  by: 


where  E ^Ij 

W_ 


w. 


A: 


In 


=  bending  stiffness  of  the  alum¬ 
inum  beam 

=  bending  stiffness  of  the  damping 
material 

=  resonant  frequency  of  the  comp¬ 
osite  beam 

=  resonant  frequency  of  the 
aluminum  beam 
=  loss  factor  of  the  damping 
material  : 

=  density  per  unit  length  of  the 
aluminum  beam 
=  density  per  unit  length  of  the 
composite  beam 


Using  these  expressions,  the  loss  factors  for 
the  materials  were  calculated  as  shown  in 
Table  4.  An  additional  value  for  the  SMRD 
100F50  was  determined  using  the  same  expres¬ 
sions  but  considering  the  foam-aluminum  beam 
as  the  basic  configuration.  Because  of  the 
probable  frequency  dependency  of  the  damping 
characteristics,  the  frequency  at  which  the  loss 
factor  was  determined  is  also  noted.  These  re¬ 
sults  indicate  that  SMRD  100F50  is  by  far  the 
best  of  the  various  materials  from  the  stand¬ 
point  of  damping. 

The  damping  properties  of  SMRD  100F50 
are  compared  to  LD400  (1)  in  Figure  4.  It 
will  be  noted  that  only  two  damping  values  are 
available  for  SMRD  100FSO  to  draw  the  curve. 
However,  the  data  indicate  that  the  SMRD 
100F50  has  a  loss  factor  of  approximately  twice 
as  high  as  that  of  the  LD-406  viscoelastic  ma¬ 
terial.  On  the  other  hand,  the  SMRD  100F50  is 
more  flexible  than  the  LD-400  material  as 
indicated  in  Figure  S.  Both  materials  exhibit 
an  increase  in  stiffness  and  a  reduction  in 
damping  with  increasing  frequency. 
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TABLE  3 


Input  [  Bare 
Level  I  Aluminum 


Summary  of  Cantilever  Beam  Vibration  Testa 

p^T- 

Conformal  urethane  SMRD  SMRD 

Coating  Foam  101  100F50 


RELAY  PANEL  MODIFICATION 


The  layered  Foam /SMRD  100F50  combina¬ 
tion  stiffening  and  dampening  treatment  w»i 
applied  to  the  PSM  relay  pant  la.  The  center 
stiffening  angle  waa  removed  from  the  panel. 
Eccofoam  FPH,  nominal  denaity  \t  lbs/ ft  ^  was 
cast  in  place  on  the  inner  aide  of  the  panels. 
Polymethylmethyacrylate  blocks  were  used  as  re¬ 
movable  interts  to  leave  spaces  in  the  foam  for 
the  relays  which  protrude  through  holes  in  the 
panels.  Aluminum  angle  was  clamped  around 
the  edges  to  make  a  form.  The  foam  was  cast 
and  allowed  to  rise  freely.  After  curing,  the  . 
foam  was  machined  to  the  specified  thickness 
and  SMRD  100F50  pads  were  bonded  to  the  sur¬ 
face.  Epoxy  adhesive  Epon  8?8  was  used. .  The 
SMRD  pad  was  then  machined  to  the  correct  thick¬ 
ness.  Machining  was  necessary  because  of  the 
limited  space  available  with  resulting  close  tol¬ 
erances.  Cut-outs  for  the  relays  were  made  in 
the  SMRD  pads  using  a  scalpal. 


Vibration  teats  of  the  modified  relay  panel 
installed  in.  the  PSM  showed  that  the  layered 
damning  treatment  reduced  the  dynamic  magni¬ 
fication  by  a  factor  of  approximately  .6,  Figure  6. 
The  response  in  the  center  of  the  panel  was  re¬ 
duced  from  a  dynamic  magnification  of  40  to  less 
than  7.  Similar  reductions  were  alto  obtain.- d  for 
the  high  frequency  resonance  between  500  and 
1000  Herts.  The  fundamental  panel  resonance 
was  increased  slightly  from  160  Herts  to  ISO 
Her tr.  which  was  sufficient  to  remove  the  reson¬ 
ance  from  the  severe  vibration  environment  be¬ 
low  150  Herts, 


Fig.  6  -  Response  at  Center  of  F.RTS  PSM  Relay  Panel  with  Foam/SMRD  Modification 
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CONCLUSIONS 


On  the  basis  of  the  re  suits  presented  in  this 

paper,  the  following  conclusions  are  made: 

1.  SMRD  I0QF50  is  an  excellent  lightweight, 
castable,  space  compatible  damping 
material. 

2.  A  layered  damping  configuration  using  a 
rigid  foam  to  offset  the  damping  material 
from  the  parent  sheet  metal  ia  an  effective 
way  tc  provide  both  stiffness  and  damping. 

3.  The  layered  configuration  provided  higher 
damping  than  could  be  obtained  by  applying 
the  damping  material  directly  to  the  alum¬ 
inum. 

4.  The  layered  material  need  be  applied  to  only 
One  side  of  the  basic  sheet  metal, 

5.  There  is  an  optimum  combination  of  foam 
and  damping  material.  If  the  damping 
material  is  stiff  relative  to  the  foam,  a 
Urge  thickness  of  damping  material  mav 
provide  less  composite  damping  than  a 
small  thickness. 

6.  The  Polyurethane /SMRD  100F50  layered 
stiffening-damping  treatment  was  effective  in 
reducing  the  dynamic  magnifications  of  the 
F.RTS  PSM  relay  panel  by  a  factor  of  approxi¬ 
mately  6.  Dynamic  magnifications  were 
approximately  7  to  1  at  the  center  of  the  relay 
panel  with  the  stiffening-damping  treatment. 
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DISCUSSION 


Mr.  Epstein  (Endevco  Corporation):  You 
mentioned  that  these  tests  were  done  mostly  at 
room  temperature.  Do  you  have  any  indication 
whether  these  materials  will  work  at  the  tem¬ 
peratures  encountered  in  space  applications? 

Mr.  Stahle:  This  would  be  a  loss  environ¬ 
ment.  1  guess  you  could  have  extremes  but  in 
general  I  would  expect  that  the  material  would 
behave  fairly  well  at  the  normal  range  of  tem¬ 
peratures  that  you  would  expect  to  see  in  the 
sound  wave.  That  is  a  controlled  environment. 

Mr.  Mixon  (Holloman  Air  Force  Base): 

What  was  the  weight  increase  of  the  panel?  You 
said  it  was  originally  three  pounds. 

Mr,  Stahle:  I  do  not  know.  The  foam  itself 
is  very  light  and  this  material  has  a  specific 
gravity  of  0.7  and  it  also  had  quarter- inch-thick 
cut-outs  in  it.  I  do  not  really  know  exactly  what 
the  final  Increase  was.  Most  of  the  three  pounds 
was  the  relays  and  the  wiring  and  I  do  not  think 
it  was  in  the  damping  treatment. 

Mr.  Volin  (Naval  Research  Laboratory): 

You  mentioned  that  the  Q  values  of  a  thinner 
sample  tended  to  be  less  than  those  of  a  thicker 
sample.  Could  you  give  any  reason  for  this 
behavior? 

Mr,  Stahle:  I  can  only  give  you  a  feeling  for 
it.  If  you  make  the  damping  layer  stiff  enough 
so  that  you  cannot  carry  the  strain  through  the 
foam  you  never  strain  the  damping  material. 
Therefore  some  matching  of  the  damping  layer 
with  the  foam  is  needed,  and  if  you  make  the 
damping  material  too  stiff  it  Just  is  not  going 
to  work. 

Mr,  Ungar  (Bolt  Beranek  and  Newman):  I 
think* that  most  of  the  effects  that  you  have  found 
are  entirely  predictable.  The  theory  of  layered 
damping  media  has  been  around  for  a  long  time. 
If  I  gather  correctly  you  used  some  to  the  theory 
to  get  back  at  your  material  properties  from  a 
system  test.  Is  that  right  ? 

Mr.  Stahle:  Yes. 

Mr,  Ungar:  Did  you  ever  measure  material 
properties  by  themselves  and  then  use  them  to 
predict  what  the  system  would  do?  You  only 
have  two  data  points  on  your  damping  material. 
That  is  very  limited. 


Mr.  Stahle:  Yes,  and  as  it  turns  out  we 
used  two  different  specimens  to  get  those,  that 
is  true.  I  am  not  really  sure  that  I  see  your 
point. 

Mr.  Ungar:  My  whole  point  is  that  I  think 
many  of  the  effects  that  you  found  by  lots  of 
testing  could  have  been  predicted. 

Mr.  Stahle:  When  we  started  we  did  not 
know  what  the  damping  characteristics  of  the 
material  were  so  the  first  thing  we  had  to  do 
was  to  establish  these.  The  next  problem,  and 
I  think  it  is  not  really  that  predictable,  is  that 
you  have  to  be  careful  what  you  are  doing  when 
the  two  materials  are  put  together.  I  never  saw 
the  foam-damping  material  combination  before. 
Perhaps  you  have  seen  it. 

Mr.  Ungar:  There  is  a  theory  of  so  called 
apace  damping  which  is  all  worked  out  in  great 
detail. 

Mr.  Stahle:  This  involves  using  metal 
pieces  to  offset  the  damping  material. 

Mr.  Ungar:  It  does  not  matter  what  the 
offsetting  material  is  if  you  know  the  stiffness. 
You  can  play  the  entire  prediction  game.  Let 
me  also  point  out  that  it  is  not  only  the  loss 
iactor  in  the  damping  material  that  counts,  but 
it  is  the  product  of  the  loss  factor  and  the  stiff¬ 
ness.  I  am  not  selling  Loro  s  material,  but  if 
you  multiply  the  loss  factor  of  the  damping 
material  by  its  modulus,  the  LD  400  still  comes 
out  better.  Am  I  wrong? 

Mr.  Stahle:  1  think  there  is  one  basic  prob¬ 
lem  with  the  Ld  400.  I  do  not  think  it  is  space 
compatible.  Of  course  it  is  not  as  easy  to  use 
as  this  material.  It  can  be  cast.  Incldently  this 
material  comes  in  a  number  of  different  durom- 
eters.  That  is  why  we  put  the  50  on  the  end.  1 
am  sure  you  are  right  that  there  is  some  trade¬ 
off  which  was  not  really  investigated;  certainly 
some  other  durometer  may  ultimately  provide 
an  increased  composite  loss  factor,  if  you  do 
not  lose  a  loss  factor  in  making  it  stlffer. 

Mr.  Ungar:  I  am  sure  its  good  to  have  a 
material  that  is  space  compatible  but  I  am  sure 
you  also  have  to  do  a  lot  more  work  before  you 
can  use  it. 

Mr.  Stahle:  It  is  being  used  on  the  ERTS. 
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OPTIMIZATION  OF  A  COMBINED  RUZICKA  AND  SNOWDON 
VIBRATION  ISOLATION  SYSTEM 


Dennis  E.  zeidler 
Medtronic,  Inc, 
Minneapolis,  Minnesota 


Darrell  A,  Frohrib 
University  of  Minnesota 
Minneapolis,  Minnesota 

An  isolator  combining  the  advantages  of  optimized  Ruzicka 
and  Snowdon  models  is  presented.  This  isolator  is 
demonstrated  to  have  superior  performance  properties 
as  evaluated  by  a  criterion  function  of  the  form 
It  -  DTp  +  log  Th. 


INTRODUCTION 

The  quality  of  a  vibration  isola¬ 
tion  system  is  usually  described  by  its 
steady  state  transmissibility  properties 
The  criteria  for  selecting  the  best 
isolator  vary  with  the  application. 

Often  a  tradeoff  between  low  transmissi¬ 
bility  at  resonance  and  low  transmissi¬ 
bility  in  a  high  frequency  range  is 
involved.  This  study  was  motivated  by 
the  well  known  optimizations  performed 
on  specific  passive  isolator  types  by 
J.  Ruzicka  (1)*  and  J.  Snowdon  (2,3). 

Ruzicka  discussed  the  relaxation 
isolator  shown  in  Figure  1.  He  shows 
that  the  transmissibility  is  given  by, 


Optimality  in  the  Ruzicka  sense  relates 
p  and  N  to  realize  a  maximum  response 
at  the  fixed  point* 


(  N  +  1  ) 


N  + 

\  2 


Snowdon  discusses  the  two  inertia 
system  shown  in  Figure  2.  That  trans¬ 
missibility  is « 


+  o£~l 

+  S2J 


where, 

P 


■  Y  -  4  Z4  , 

■  2  f  r  Z2  ( A  +  Y  ), 

■  •<  f4z4  -  f2z2  n  +  y  + 
4  &P1  Z2  +  H  )  +  Y, 


T*  1  +  (  jNJL-li  2  P  f /N ) 2  j  4i^  Zl  +  •<  )  +  Y, 

J1  -  f2)2  +  [2/  f  (N  +  1  -f2)  A]  j  ‘Bibliography  references. 

.  -  . NOMENCTATURF..  .  .  ...  . . . 

D,N,U,V,Y,Z, •< , B ,  IT, A  —  dimensionless  constants  as  indicated  in  the  Figures  or 

defined  in  the  text 

C  —  viscous  damping  coefficient  Th  -  transmissibility  in  the  isolate 

f  —  frequency  ratio,  w/x  range,  above  the  highest  resona: 

It  -  transmissibility  index  Tp  -  resonant  or  peak  transmissibili 


K  —  spring  constant 
M  —  mass  to  be  isolated 
P,Q,R,S  -  transmissibility  terms  de¬ 
fined  in  the  text 

T  —  transmissibility.-i^Bl 


Th  -  transmissibility  in  the  isolation 

range,  above  the  highest  resonance 

Tp  -  resonant  or  peak  transmissibility 

-  excitation  frequency 

)TB  -  sinusoidal  input  motion,  XBelwt 

Xi.X2.5T3  -motion  coordinates  of  the  farm 
xeiwt  *  ♦ 

^  -  natural  frequency  of  undamped  avs- 
P  -  damping  ratio,  C/2M\  ***• 


Preceding  page  blank 


Figure  1;  Ruzicka  isolator 


and  S  =  -2  f 3  /»  Z4  (  1  +  A  +  •<  )  + 
2  f  />  Z2  (  A  +  Y  )  . 

The  natural  frequency  of  the 
undamped  system  ist 


A  “  3  ^  K  /  M  , 

where,  „ 

Z2»(1+Y+«K  -  J ( 1+Y+  •< ) 2  -4  Y  •<  )/2-<  . 

(Introducing  Z  in  this  form  normalizes 
the  response  curves  so  that  the  lower 
resonant  frequency  occurs  near  f  ■  1.) 
Snowdon  optimality  determines  the  ratio 
of  inertias,  <x  ,  that  minimizes  the 
frequency  interval  between  the  two 
resonant  frequencies  so  as  to  gain  as 
large  an  isolation  range  as  possible. 


There , 

°<Oft  m  Y  -  1  . 

Optimum  Ruzicka  and  optimum  Snovdon 
curves  are  compared  in  Figures  3a  and 
3b.  In  Figure  3a  the  two  curves  have 
the  same  T^  values  but  the  Ruzicka 
curve  has  a  lower  Tp.  In  Figure  3b 
the  two  curves  have  equal  Tp  values 
but  the  Snowdon  curve  has  a  lower  T^. 
Our  study  combines  the  two  isolator 
systems  to  gain  the  advantages  of  each 
at  resonance  and  in  the  isolation  rancp. 
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ANALYSIS 

The  isolator  model  is  shown  in 
Figure  4;  we  are  interested  in 

controlling  Xjyx  . 

B 

In  the  subsequent  discussion  the 
following  criterion  function  was 
employed! 

It  -  D  Tp  +  log10  Tj,  . 

where  the  objective  is  to  minimize  It 
for  a  given  weighting  factor  D.  For 
example,  in  the  following  discussion 
T.  is  assigned  the  value  of  transmissi- 
bility  at  frequency  ratio  100,  i.e. 

Th  -  T  I 

|  f  -  100 

For  some  applications,  minimizing  Tp  is 
much  more  important  than  minimizing  Th; 
we  will  classify  this  type  of  applica¬ 
tion  as  a  TYPE  1  design  criterion.  For 
example,  for  the  classical  isolator 
shown  in  Figure  5a,  the  TYPE  1  values 
of  It  for  a  value  of  0  »  5  are  5.35, 


4.08,  and  3.85  corresponding  to  />  of 
0.5,  1.0,  and  2.0.  Since  p  «  2.0 
gives  the  lowest  value  of  I*,  it  is  the 
best  TYPE  1  curve. 

Conversely,  applications  for  which 
Th  is  more  important  than  Tp  will  be 
categorized  as  TYPE  2.  Finally,  appli¬ 
cations  in  which  Tp  and  Th  are  equally 
important  are  referred  to  as  TYPE  3. 

In  Figure  5b,  the  p  »  0.5  and  p  «  1.0 
curves  are  respectively  the  best  TYPE  2 
and  best  TYPE  3  curves.  Table  1  summa¬ 
rizes  the  criteria  designations  and 
typical  values  for  the  weighting 
coefficient  D. 

Table  1 

Criteria  Description  of  Value 

Designa-  Design  Criteria  of  D 

tlon 

TYPE  1  Minimizing  Tp,  the  5.0 

peak  transmissibility 
is  more  Important 

TYPE  2  Minimizing  Tj,»  the  0.5 

high  frequency  trans¬ 
missibility  is  more 
Important 

TYPE  3  Tp  and  Th  are  2.0 

equally  important 
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Figure  5a;  Classical  isolator 


FKI.JUKNCY  HATIO 

l-’iquro  r)h !  Rospomir  *4nrvea  of  cliiusical  isolator 


The  governing  equatione  for  the  model 
4  are; 


[”m  0  0 

X,1 

O  <*M  0 

h 

L°  0  0_ 

J3. 

fC 

L-cj 

We  again  define  X  ■ 
Z  is  now  given  bvzj 


/  K  /  M  where 

_ _ _ (  U+V+  e  +  n  U  - 

/(U+v;^  U)5  -  <T  •<  (U+V+UV)  )/2«t 
The  transmisaibi 1 ity  iat 

1/2 


p2  »  q2 

R2  +  32 


where 

p  .  -z2f2  [h*+4Z2>®2  (N(£  +JT  +  )  + 

tf+Jr  +  dV+ZU  )]  +  N  (U+V+UV)  , 

Q  *  -2Z4f3/°  ( •< +N«< +4Z2/°  )  + 

2Z2f/>  Q?  {B  +Y  +U+V+  /3  V+  / U )  +  U+V+UV]  , 

R=  Z4f4  £n-<  +^  4Z2  p  2  ((3  +Y  +  0'*.  + 

N  (U+V+UV)  -z2f2  [n(U+V+«<+<HU)  + 

4Z2/>2  ( (8 /N+r  +/*N+  JTN+  rv+av+B  0. 

and 

S  =  2z6f^*>*<  -  2Z4f3/«  [»(/?  +  jr  +  /d«<  + 

*)  +U+V+*+U«<  +4Z2S>20rJ  +  2Z2f/> 

[n(/?  +  y  +  /■u+av+u+v)  +  u+v+uvj 

Although  a  formal  seven  dimensional 
(*K.  N,U  ,V  ,/*,0  ,f)  optimization 
study  was  not  performed,  the  trans- 
missibility  index  It  was  evaluated 
using  a  digital  computer  for  a  wide 
range  of  parameter  values.  The  best 
curves  obtained  using  5000  parameter 
combinations  for  TYPES  1,  2,  and  3  are 
shown  in  Figures  6a,  6b,  and  6c;  para¬ 
meter  values  for  these  curves  are  given 
in  Table  2. 


•  '  »  •  ;  .•  I 
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KHEQUWCY  RATIO 

PMj'jre  fj  b;  rc»pon*«»  curvog  for  romhino-l  isolator 


Fig 

[.TYPE  * 

N 

Table 

U 

2 

V 

/> 

B 

jr 

6a 

1 

0.1 

0 

50.0 

1.0 

1.0 

0 

2.0 

6a 

2 

0.1 

0 

30,0 

10.0 

1.0 

0 

1.0 

6a 

3 

0.1 

0 

10’.  0 

0.5 

1.0 

0 

1.0 

6b 

1 

0.5 

0 

50.0 

3.0 

1.0 

0 

2.0 

6b 

2 

0.5 

0 

90.0 

30.0 

1.0 

0 

1.0 

6b 

3 

0.5 

0 

90.0 

10.0 

1.0 

0 

2.0 

6c 

1 

1.0 

0 

50.0 

3.0 

1.0 

0 

2.0 

6c 

2 

1.0 

0 

30.0 

20.0 

1.0 

0 

1.0 

6c 

3 

1.0 

0 

30.0 

5.0 

1.0 

0 

1.8 

Note  that  the  best  response  curves 
were  obtained  with  N  •/&  ■  0.  Thus  the 
best  performance  was  gained  from  the 
simplified  system  of  Figure  7. 

For  this  systemt 

z2  «  (1/2  ^  )  Ql  +  u  -t-xu  4«v  - 

J{  1+U+  *  U+ *  V)  2-4  <K  (U+V+UV)  J  , 

P  -  -Z2f2  <X  V  +  U+V+UV 
Q  -  2Z2/*  f  (  U  +  V  ) 

R  -  Z4f4»<  -  Z2f2  (1+U+HU+«XV)  + 

U+V+UV  ,  and 

S  -  -2Z4/>  f3  +  2Z2/5  f  (  U  +  V  ) 


r,,rv*  ••-xTi  ’i 

t  ‘  •*«’  *  • .  »■  •  .  » 


The  best  response  curves  obtained  in 
this  study  for  the  simplified  isolator 
are  summarised  in  table  3. 

It  can  be  noted  from  Table  3  that 
for  the  best  TYPE  2  curves,  the  stiff¬ 
ness  of  the  left  spring  in  Figure  7  is 
equal  to  zero. 


Figure  7j  Simplified  combined  isolator 
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cX 

U 

V 

Z5 

Table  3 

TP 

Th 

Curve 

Type 

It 

0.1 

50 

1.0 

2.0 

1.08 

1.1 

X 

10~-l 

10  * 

TYPE  1 

2.41 

0.2 

30 

0.3 

2.0 

1.08 

5.5 

X 

TYPE  1 

2.17 

0.5 

10 

0.1 

2.0 

1.16 

1.2 

X 

10“4 

TYPE  1 

1.84 

1.0 

10 

0 

2.0 

1.19 

8. 2 

X 

10“  5 

TYPE  1 

1.88 

0.1 

3 

0 

1.0 

1.64 

8.3 

X 

10"5 

TYPE  2 

-3.26 

0.2 

3 

0 

1.0 

1.63 

4.5 

X 

10“5 

TYPE  2 

-3.54 

0.5 

3 

0 

1.0 

1.64 

2.1 

:< 

10"*c 

TYPE  2 

-3.86 

1.0 

3 

0 

1.0 

1.75 

1.3 

X 

10-5 

TYPE  2 

-4.01 

0.1 

50 

5.0 

1.0 

1.24 

2.2 

X 

10"s 

TYPE  3 

-1.17 

0.2 

10 

0.5 

1.0 

1.32 

9.6 

X 

10“5 

TYPE  3 

-1.37 

0.5 

9 

0.1 

2.0 

1.17 

1.0 

X 

10‘4 

TYPE  3 

-1.64 

1.0 

10 

0.1 

2.0 

1.21 

7.7 

X 

10“5 

TYPE  3 

-1.70 

Tables  4,  5,  and  6  compare  the 
response  curves  of  the  classical,  the 
Ruzicka,  the  Snowdon  and  the  combined 
isolator  for  the  three  types  of  design 
criteria,  for  each  of  the  three  types, 
the  combined  isolator  displays  signi¬ 
ficant  improvement  over  both  the  opti¬ 
mum  Ruzicka  and  the  optimum  Snowdon 
responses. 


Table  4j  TYPE  1  Curve  Comparison 


ISOLATOR 

Combined 

TP 

1.13 

1.6 

Th 

X 

10-4 

It 

1.84 

(°<  »  .5) 
Combined 

1.08 

5.5 

X 

o 

1 

2.17 

(*-  .2) 
Ruzicka 

1.25 

9.0 

X 

10-4 

3.20 

(N  »  B.) 
Snowdon 

1.46 

i.2 

X 

n 

1 

o 

4.38 

(•< -  .5) 
Classical 

1.47 

1.0 

X 

o 

1 

u 

5.  35 

(/>“  .5) 

Table  5j  ' 

TYPE  2  Curve  Comparison 

ISOLATOR 

Combined 

TP 

1.64 

2.1 

X 

10-5 

It 

-3.86 

(Mm  .5) 
Combined 

1.64 

4.3 

X 

1 

O 

-3.54 

(Mm  .2) 
Snowdon 

5.16 

4.8 

X 

10-5 

-1.74 

(Mm  .5) 

Snowdon 

5.13 

9.6 

X 

10"5 

-1.46 

(Mm  .2) 

Ruzicka 

5.00 

1.5 

X 

10“4 

-1.  32 

(N  -  .5) 
Classical 

10.06 

1 .0 

X 

10“5 

2.03 

(f>  -  .05) 


Table  6:  TYPE  3  Curve  Comparison 


ISOLATOR 

TP 

Th 

It 

Combined 

1.17 

1.0 

X 

io-4 

-1.64 

(•<  -  .5) 
Combined 

1.31 

1.0 

X 

10“4 

-1.37 

(•<  -  .2) 
Ruzicka 

2.0C 

3.0 

X 

10-4 

0.48 

(N  -  2.) 
Snowdon 

2.78 

3.0 

X 

10-4 

1.04 

(•<  *  .5) 
Classical 

2.28 

5.0 

X 

10“3 

2.26 

(/>  »  .25) 

CONCLUSIONS 

This  study  demonstrates  that  the 
combined  isolator  modol  (Figure  4)  can 
be  synthesized  to  provide  superior 
performance  compared  to  the  optimized 
Ruzicka  or  Snowdon  modois.  A  search  of 
5000  parameter  combinations  indicated 
that  a  smaller  It  coulu  bo  realized  by 
appropriate  combinations  of  the  two 
models.  Furthermore,  the  search  re¬ 
vealed  that  superior  performance  can 
be  gained  from  a  model  only  slightly 
more  complox  than  the  Ruzicka  or  Snow¬ 
don  models.  For  example,  the  isolutor 
in  Figure  7  performs  better  than  either 
of  the  two  standard  models  and  is 
equally  practical  for  certain  isolator 
appl ications. 

The  definition  of  the  transmissi- 
bility  index,  Jt,  could  be  expanded. 

For  some  applications  it  may  be  more 
meaningful  to  modify  the  definition  of 
to  include  additional  factors  such 
as  average  transmissibi 1 i ty  or  the 
slopo  of  the  curve  at  high  frequencies. 


82 


LIST  OF  REFERENCES! 


1. )  Ruzicka,  J.  E.,  "Resonance  Charac¬ 

teristics  of  Unidirectional 
Viscous  and  Coulomb-Damped 
Vibration  Isolation  Systems, “ 
Journal  of  Engineering  for 
Industry,  Trans.  ASME,  November, 
1967. 

2. )  Snowdon,  J.  C.  ,  “Vibration  and 

Shock  in  Damped  Mechanical 
Systems,"  Wiley,  New  York,  1967, 
Chapters  1-3. 

3. )  Snowdon,  J.  C.,  "Isolation  from 

Mechanical  Shock  with  One-  and 
Two-stage  Mounting  Systems," 
Journal  of  the  Acoustical  Society 
of  America,  Volume  31,  July,  1959. 


TRANSIENT  RESPONSE  OF  PASSIVE  PNEUMATIC  ISOLATORS 
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The  dynamic  characteristics  of  pneumatic  isolators  in  their  nonlinear 
region  of  operation  has  becoM  of  recent  Interest.  In  the  following 
paper,  a  system  of  equations  are  derived  for  the  general  nonlinear 
case  where  the  volume  change  Is  greater  than  approximately  10*.  The 
effects  of  orifice  flow  damping  Is  Included,  and  coefiarlson  between 
experimental  and  theoretical  results  are  presented. 


INTOG0UCTI0N 

The  system  to  be  analyzed  Is  shown  in  Fig* 
urt  1  as  a  pendulum  type  pneumatic  Isolator.  A 
column  of  compressed  gas  In  the  load  and  damping 
chambers  supports  the  attached  platform.  An  ori¬ 
fice  plat#  separates  the  load  chamber  from  the 
damping  chamber.  As  will  be  subsequently  shown, 
a  force  out  of  phase  with  the  platform  displace¬ 
ment  is  produced,  due  to  gas  flow  from  one  cham¬ 
ber  to  the  other.  The  phase  difference  results 
from  an  increase  or  decrease  of  9as  In  the  load 
chamber  due  to  the  flow.  The  net  effect  of  this 
force  is  observed  as  damping.  If  the  relative 
volume  change  in  the  load  chamber  Is  large,  non- 
linearities  introduced  by  pressure  change  and 
fluid  flow  rate  cannot  be  Ignored.  A  large 
volume  change  for  the  Isolator  shown  would  be 
from  1  to  6  inches  relative  displacement  between 
the  colling  end  platform.  This  type  of  excita¬ 
tion  could  be  from  an  earthquake  or  nuclear 
qround  shock . 

Some  qualitative  characteristics  of  the 
isolator  may  be  deduced  from  a  linear  analysis 
t 1 j.  As  the  orifice  varies  In  area  from  0  to 
the  largest  maximum  area,  i.e..  the  orifice 
plate  area,  the  ’frequency**  of  vibration 
increases  monotonlcal ly  from  one  velue  to  ano¬ 
ther.  One  would  alto  expect  a  particular  orifice 
to  give  the  maximum  damping,  tMs  maxlnm  va’ue 
increasing  with  the  damping  volume  to  load  vol¬ 
ume  ratio.  The  above  expectations  are  substan¬ 
tiated  by  theory  and  test  result*  *t»ie,  if  the 
system  parameters  and  excitation  time  history 
are  botn  held  constant. 


*  Since  the  motion  ij  not  truely  periodic,  the 
term  frequency  Is  somewhat  Incorrect,  but 
proves  to  be  a  useful  concept. 

Preceding  page  blank 


flGURl  i 

Pendulum  Pneumatic  Isolator 
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ANALYSIS 


Variable  Definitions 


If  the  pressure  In  the  load  chamber  Is 
taken  as  Pi  ,  summing  the  forces  on  the  mass 
yields 

mV  =  Pj_A  -  mg  (1) 


The  value  for  A  is  approximately  the  area 
of  the  orifice  plate  and  X(t)  describes  Its  posl 
tion  vs.  time.  Referring  to  Figure  2,  X(t)  also 
describes  the  motion  of  the  platform. 

For  an  Ideal  gas,  undergoing  an  Isentroplc 
process,  the  relation  between  the  flow  rate, 

Eressure,  and  volume  of  a  chamber  Is  given  by 
1] 

ftn  =  ST(P3tv  +  v/|'Jtp)  <2) 

The  volume  of  the  damping  chamber  Is  con¬ 
stant  The  volume  of  the  load  chamber  Is  given 
by 

VL  =  V0  +  A  (U  -  X)  (3) 


Where  U  (t)  is  some  prescribed  motion  of  the 
celling  and  VQ  Is  the  volume  of  the  damping 
chamber  when  the  system  Is  In  equilibrium. 


m  Mass  of  Platform 

g  Acceleration  Due  to  Gravity 

A  Load  Area 

P  Pressure 

n  Moles  of  Gas 

V  Volume 

X  (t),X,X*  Absolute  Displacement,  Velocity, 

Acceleration  of  the  Platform 

U  (t),  U  Absolute  Displacement,  Velocity 
of  the  Ground 

k  Specific  Heat  Ratios  of  an  Ideal 

Gas 

q  Gas  Density 

S  Orifice  Area 

R  Universal  Gas  Constant 

T  Temperature,  Absolute 

N  Damping  Volume  to  Load  Volume 

Ratio 


Subscripts 


L  Variable  Value  In  Load  Chamber 

D  Variable  Value  In. Damping 

Chamber 

0  Equilibrium  Value  of  Variable 

1,2  Variable  Value  In  Either 

Chamber  Where  P] >  P2 

d  Derivative  with  Respect  to 

<ft  Time 


Application  of  Equation  (2)  to  the  damping 
chamber  produces, 


at  "t>  ptt-  at 

and  to  the  load  chamber, 

d  n  .  "La(U  -  *)  A  nL  d  p. 
dt  L  v0~-*flr-~T)  IT\  dt  L 


FIGURE  2 

Isolator  Schematic 
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Since  the  orifice  Is  thin,  the  same  amount 
of  gas  enters  one  chamber  that  leaves  the  other. 


Mathematically, 


dX  , 

3t  *  Y  (11b) 


drip  dnj_ 

mr-  "  -at  (6) 

For  the  orifice  of  area  S,  under  consider¬ 
ation,  frictionless  adiabatic  flow  appears 
acceptable.  Letting  G,,,  be  the  mass  per  mole  of 
the  gas,  the  aoverning  equation  for  the  flow  Is 
[2]. 


Hr*’-  D'Wrh1  J<w] 


1/2 

(7) 


where 


P,  2/k  P,  k  *  1 
J(P?/P,)  *  (— )  -  (-*-)  ~1T~  (8) 

£  1  n  n 


and  qi  and  qj  are  the  gas  densities  at  Pi  and  P, 
such  chat  Pj  Is  greater  than  P2.  Equations  (7)^ 
and  (8)  apply  provided  the  pressure  ratio  Is 
greater  than  .53?  This  condition  was  met  for 
all  test  cases. 


The  direction  of  mass  flow  can  be  written 
as 


JJ _ X  -  ±  1 

ii  Pd  *  pi  II 

This  gives  a  negative  flow  from  the  load  chamber 
If  Pl  Is  greater  than  PD  and  positive  If  Pq  is 
greater  than  P^ 


At  equilibrium,  let  the  total  number  of 
moles  be  nQ  at  pressure  P0  and  temperature  T0. 
From  the  equation  of  state 


"o  1  Po  (V°  *  70>  /  RT0  (»> 

The  densities  can  be  calculated  In  terms  of  n^ 
and  nQ  to  be 

_  nL  Gm 

qL  '  Vq'TW-T)  (10) 


If  we  set  Y  =  dX  a  system  of  first  order  dif- 
dt 

ferential  equations  can  be  written  as  follows: 


dY  .  PL  A  (11a) 

3t  "  m"  5 

•For  air  where  k  *  1.4 


d  Pp  Pp  k  ^nD 
«  *  *  (n0-nLJ  dt~  (lie) 


P 

sr 


(±  1)  d2  s 

^  (lid) 


PLk  [  dnL  nL  A(U  -  Y)  \ 

-n rvar  v-T-mrrK)j 


die) 


Solution  of  the  preceedlng  coupled  differ¬ 
ential  equations  were  obtained  by  utilizing  a 
Runge-Cutta  Fourth  Order  Integration  Scheme. 

The  Integration  Increment  was  reduced  until  the 
solution  converged.  This  Is  about  1.5  milli¬ 
seconds  In  most  cases,  although  for  larger  ori¬ 
fice  sizes,  area  ratios  above  .05,  required 
about  an  0.1  mlllsecond  Interval  for  conveyance. 
The  excitation  motion  was  taken  In  the  dev  •  jfd 
(positive)  direction  as  Illustrated  In  F1%,*e  3. 


Displacement 


Excitation  Time  History 


The  excitation  can  be  defined  mathematically  by 

<u> 

Where  0  is  a  constant  velocity.  This  closely 
resembled  the  test  excitation. 

Before  proceeding  to  test  results.  It  Is 
possible  to  discuss  further  the  damping  mechan¬ 
ism,  using  the  results  of  the  preceedlng  analy¬ 
sis. 

Figure  4a  shows  pressure  and  platform  dis¬ 
placement  vs.  time  for  an  undamped  system. 

Since  pressure  is  directly  proportional  to  the 
applied  force,  the  displacement  and  force  are 
seen  to  be  In  phase.  Looking  now  at  Figure  4b, 
the  same  system  and  input  Is  used  as  In  Figure 
4a,  except  that  an  orifice  for  maximum  damping 
is  used.  The  effect  of  the  difference  In  phase 
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Undamped 


- DISPLACEMENT 

-  PRESSURE 


FIGURE  4 

Comparison  of  Damped  and  Undamped  Isolators 


of  the  force  and  displacement  Is  now  apparent. 

Figure  4b  is  used  also  to  define  some  use¬ 
ful  terms.  Since  frequency  and  damping  vary 
with  displacement,  a  unique  position  on  the  time 
history  record  must  be  selected  tr  make  the  lin¬ 
ear  terminology  meaningful.  As  the  displacement 
approaches  zero,  the  damping  approaches  zero  and 
the  frequency  approaches  that  associated  with  a 
large  orifice.  This  Is  expected,  since  for  very 
low  flow,  the  orifice  offers  relatively  little 
restriction.  Figure  4b  shows  this  trend  by  a 
smaller  phase  angle  at  the  lower  displacements. 


COMPARISON  WITH  TEST  RESULTS 


A  photograph  of  the  Instrumentation  Is 
shown  In  Figure  5.  The  displacement  Input  Is 
achieved  by  releasing  the  pendant,  whose  mass 
is  approximately  one  tenth  cf  the  supported  mass. 
This  results  In  approximately  a  10  G  acceleration 
of  the  pendant  due  to  the  pressure  In  the  load 
chamber..  As  the  load  chamber  expands,  the  pen¬ 
dant  Is  forced  downward  until  its  motion  Is 
arrested  by  a  deceleration  mechanism  when  the 
required  displacement  is  achieved. 

Tests  were  conducted  using  12  different 
orifice  to  load  area  ratios.  For  each  area  ratio 
there  were  four  volume  ratios,  Vq/Vl  =  N,  tested. 
The  percent  volume  change  of  the  load  chamber 
for  the  deferent  N's  are  shown  In  Table  1.  ’ 


2.20 

34 

2  In. 

1.64 

51 

4  In. 

1.30 

61 

6  In. 

1.08 

67 

8  In. 

Volume  Ratio 

%  Volume 

Displacement 

N 

Change 

Input 

TABLE  1 


The  displacement  and  acceleration  time  his¬ 
tories  were  recorded  on  an  X-V  plotter.  The 
system  frequency  was  low  enough  that  a  plot 
could  be  In  recorded  in  real  time. 


FIGURE  5 

Photo  of  Test  Equipment 


A  comparison  of  measured  and  calculated 
peak  accelerations  are  presented  In  Figure  6. 
Note  that  the  acceleration  decreases  for  larger 
N.  This  is  due  not  only  to  increased  damping, 
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00001  ,0001  .001  .01  .1 

FIGURE  6 

Peak  Acceleration  Vs.  Area  Patio 


but  also  to  a  smaller  displacement  excitation. 
Figures  7  and  8  compare  the  frequency  and  damp¬ 
ing.  All  three  figures  use  a  common  abscissa, 
the  orifice  area  to  load  area  ratio,  S/A.  A 
close  correlation  between  test  and  theory  can  be 
noted  In  these  figures,  especially  6  and  7.  The 
ordinate  of  Figure  8  Is  the  damping  ratio  cal¬ 
culated  from  the  linear  system  analogy  by 


where  and  X?  are  as  defined  In  Figure  4b. 

The  authors  felt  reasonably  Justified  In  adding 
2%  critical  damping  to  the  calculations  after 
analyzing  the  time  history  response  of  an  undam¬ 
ped  Isolator.  Amplitude  ratios  of  the  first 
four  peaks  showed  that  the  decay  was  nearly 
exponential.  If  .02  Is  subtracted  from  these 
curves,  the  values  will  correspond  to  an  equiva¬ 
lent  system  with  no  viscous  damping.  The  addi¬ 
tion  of  this  damping  force  lowered  the  calculat¬ 
ed  system  frequency  by  about  IX  and  the  peak 
6-level  by  about  OX.  Of  course,  actual  friction 
forces  could  not  be  easily  calculated  or  measur¬ 
ed,  although  the  effect  Is  apparent  as  Increased 
damping.  Since  the  maximum  damping  appears  at 
the  expected  area  ratio,  It  seems  llkeiy  the 
discrepancy  between  measured  and  calculated 
values  Is  due  to  friction. 


^  comparison  of  how  peak  acceleration, 
frequency,  and  damping  Interact  as  the  area 
ratio  varies,  is  shown  In  Figure  9.  The  Initial 
drop  In  peak  acceleration  Is  due  to  both  the 
Increase  In  damping  and  lower  system  frequency, 
the  frequency  effect  dominating  until  It  becomes 
constant.  The  slight  rise  In  peak  acceleration 
after  the  frequency  levels  out  ,  Is  due  to  the 
lowering  In  damping  as  the  orifice  to  load  area 
ratio  Increases. 


Comparison  of  Response  Characteristics 
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3,600  Pounds 

12  In.2 

1.3 

.0014 

.204 

.84 

.40 

20,000  Pounds 

66.6  In.2 

1.4 

.0012 

.213 

.85 

.39 

Supported 

Load 

Area 

Damping 

System 

Peak 

Weight 

Area 

ESfl 

Ratio  S/A 

Ratio 

Frequency 

G 

TABLE  II 

Comparison  of  Different  Load  Areas 


An  ideal  property  that  these  pneumatic  Iso¬ 
lators  possess  Is  their  dynamic  equivalence  with 
different  supported  weights.  An  indication  of 
this  equivalence  can  be  seen  in  equation  (11a). 
As  long  as  the  ratio  P,  A/m  remains  constant, 
the  system  will  exhibit  Identical  characteris¬ 
tics.  This  prediction  Is  borne  out  by  experi¬ 
ment.  Figure  10  shows  displacement-time  histo¬ 
ries  of  the  same  isolator  supporting  3600  and 
1B00  pounds,  corresponding  to  an  equilibrium 
pressure  of  300  and  150  psl  respectively. 


The  slight  differences  In  response  Is  due 
only  to  friction  effects,  the  same  friction 
force  being  more  apparent  with  the  lighter 
weight  system.  This  implies  that  when  a  mass  Is 
leveled  by  adjusting  the  pressures  in  the  vari¬ 
ous  Isolators,  the  system  will  automatically  be 
decoupled  along  the  Isolator  axis. 

Similar  dynamic  characteristics  may  also  be 
obtained  with  totally  different  Isolators,  pro¬ 
viding  their  physical  parameters  are  similar. 
Comparison  of  the  response  of  two  isolators  with 
different  support  area  can  be  seen  In  Table  II. 
The  excitation  displacement  In  both  cases  was  8 
Inches,  resulting  In  a  60%  volume  change  In  the 
load  chamber. 
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EXPERIMENTAL  DETERMINATION  OF  STRUCTURAL  AND  STILL 


WATER  DAMPING  AND  VIRTUAL  MASS  OF  CONTROL  SURFACES 


by 

Ralph  C.  Leibowitz  and  Arthur  Ktlcullen 

Naval  Ship  Research  and  Development  Center 
Washington,  D.C. 


An  experiment  has  been  designed  for  determining  the  damping  constants 
and  virtual  mass  for  the  control  sutfare  systems  of  USS  ALBACORE  (AGSS 
569)  and  USS  SAMPSON  (DDG  10);  theoretical  methods  for  determining  the 
virtual  inertias  (including  virtual  mass)  of  these  control  surfaces 
are  alto  given.  The  theoretical  foundation  for  the  experimental  design 
and  the  procedure  for  analysing  the  experimental  data  to  obtain  the 
parameters  are  described.  These  damping  and  inertial  parameters  are 
essential  to  the  performance  of  a  hull-control  surface  vibration  and/or 
flutter  analysis.'"^ 


INTRODUCTION 

The  solution  for  the  vibration#  and 
flutter  characteristics  of  a  combined  hull- 
control  surface  system  can  be  obtained  if  the 
physical  and  hydroelastic  parameters  in  the 
equations  of  motion  representing  the  system1 
are  evaluated;  the  theory  underlying  the 
derivation  of  those  equations  has  been  shown 
to  have  some  degree  of  verification.^  The 
method  of  evaluation  of  physlcat  (mass-elastic) 
parameters  associated  with  equations  oi  motion 
of  the  hull  alone  is  given  in  Reference  5,  The 
method  of  evaluation  of  certain  hydroelastic 
parameters  for  the  control  surface  (o.g,, 
redder  and/or  diving  plane)  is  given  in  refer¬ 
ence  2. 

The  primary  objective  of  this  report  is  to 
add  to  the  method  of  evaluation  of  the  control 
surface  parameters  by  describing  experimentally 
based  methods  for  computing  damping  constants 
and  virtual  mass  for  the  control  surface.  In 
addition,  certain  equal  tone  are  presented  for 
calculating  the  virtual  inertias  (including 
virtual  mass)  by  theory  alona.  The  entire 
procedure  !b  demonstrrtcd  for  the  case  of  two 
ships,  USS  ALBACORE  (ACS5  569)  and  USS  SAMPSON 
(DOG  10). 

SUNDRY  OF  RESULTS 

Equations  and  other  identifying  material 
for  the  experimental  dvt  etslnat  ton  of  control 
surface*  and  hull  motims.  the  logarithmic 


decrement  and  damping  for  these  mot  tons ,  the 
virtual  mass  and  virtual  mass  moments  of  Inertia 
of  the  control  surface  about  axe*  through  its 
center  of  mass  arc  given  in  Table  1.  These 
motions  are  due  to  an  Impulsive  load  acting  on 
the  control  surface.  The  equations  developed 
are  applicable  for  motion  associated  with  a 
single  frequency;  thus,  each  modal  frequency  of 
a  compter,  motion  Is  treated  In  turn.  Extension 
to  ocvcral  superposed  modes  Is  discussed  In  the 
text. 

DESCRIPTION  OF  RUDDER- STOCK- HULL  SYSTEM 

The  representation  of  a  ruddcr-stock-hul  1 
system t  and  its  motions  is  based  on  the 
following  assumptions: 

1.  Tile  rudder  is  considered  to  be  a 
rigid  body  attached  to  a  flexible  stock,  which, 
In  turn,  la  attached  to  a  flexible  hull.  The 
point  of  attachment  of  the  rudder  lo  the  aloes 
will  be  different  for  each  rudder  system.  In 
this  report  it  will  be  assuawd  to  be  located  at 
the  top  oi  the  rudder,  (For  the  i-htps  tested 
here,  the  stocks  were  welded  into  tbc  control 
surfaces  such  that  the  portion  of  the  stock 
within  the  surface  moves  rigidly  with  the 
surface), 

2.  Of  the  six  possible  muttons  vl  the 
rudder  associated  with  a  sy**»crUal  rigid 
rudder* flex Idle  Stock  system,  only  three 


*  The  control  surfaces  considered  here  sro  rudders  and  stern  planes, 
t  Stern  p|sne*hult  systems  sre  similarly  irealtd. 


Preceding  page  blink 


contribute  significantly  to  the  total  coupled 
athwartshlp  motion.  These  are  the  rotations 7 
and  a  about  the  z-  and  x-axes  and  the  trans* 
lation  v  along  the  y-axis  respectively  (see 
Figure  1). 

j.  Small  vibration  theory  Is  appli¬ 
cable,  l.e.,  the  system  is  linear  for  small 
angular  and  translational  displacements, 

4,  The  combined  still  water  and 
structural  damping  force  is  proportional  to 
the  velocity  of  the  rudder,  l,e,,  viscous 
damping  is  assumed. 

THEORETICAL  ANALYSIS 

The  analysis  underlying  the  derivation  of 
the  equations  In  Table  1  is  described  In  this 
section. 

Figures  1  and  2  are  schematic  diagrams  of 
the  Instrumentation  of  the  rudder-atock-ltuil 
system.  The  d^'a  in  these  figures  represents 
the  displacements  of  the  system  at  the  points 
Indicated  when  the  rudder-stock-hull  system  Is 
set  Into  free  vibration  by  an  Impulsive  loading 
on  the  rudder.  Kinematic  relationships  between 
the  displacements  and  the  corresponding 
components  for  cotatlonal  and  translational 
motions  >,  a,  and  v  about  the  z-  and  x-axes 
respectively  and  along  the  y-axls,  are  derived 
In  Appendix  A.  The  resulting  equations  (1) 
through  (lb)  arc  summarised  in  Table  1. 

The  preceding  analysis  for  the  rudder 
vibration  Includes  the  contributions  of  the 
hull  motion  for  during  a  vibration  of  the 
entire  rudder-hull  system,  the  flexible  hull  • 
alto  translates  and  rotates  along  the  y-  «ud 
about  the  x-  and  s-axes,  respectively.  Hence, 
tne  hull's  motional  contribution  must  be  sub¬ 
tracted  from  the  recorded  rudder  motions  In 
order  to  determine  the  motions  of  the  rudder 
relative  to  the  hull;  tbit  is  equivalent  tc 
finding  the  motions  of  the  rudder  system 
(rudder  and  effective  length  of  stock)  attached 
to  a  rigid  hull.  The  hull  motions  are  con¬ 
sidered  to  be  applied  to  the  rudder  stock  at 
the  effective  points  of  attachment  of  rudder 
stock  to  hull.  These  points  of  attachment  for 
bending  and  torsion  of  the  ruddet  stock  which 
permit  us  to  compute  corresponding  effective 
lengths  of  the  stock  are  determined  from  the 
recorded  data  by  extrapolation  and  Interpola¬ 
tion  methods  as  explained  in  Appendix  B. 

The  effects  of  motions  of  the  tiller  and 
steering  system  upon  the  tots)  recorded  motion 
of  the  rudder  have  not  been  included  in  this 


analysis.  In  some  problems,  these  effects  may 
be  significant  enough  to  require  an  extended 
treatment  of  the  analysis  presented  here.  The 
methods  basic  to  this  extension  will  be  similar 
to  those  given  in  the  test;  the  detailed  pro¬ 
cedure  will  depend  upon  the  particular  applica¬ 
tion,  l.e,,  the  particular  hull-rudder  system. 

Equal ions  (4)  -  (6b)  of  Table  1,  which  are 
derived  In  Appendix  C,  define  the  logarithmic 
decrements  of  the  7,  a,  and  v  motions  corre¬ 
sponding  to  the  transient  displacements  of  the 
rudder  system  including  the  contributions  of 
the  hull  motions,*  Similarly,  Equation  (7)  Is 
the  decrement  for.  the  coupled  7,  0,  v  motions. t 
The  corresponding  decrements  for  the  motions  of 
the  rudder  relative  to  the  hull  are  given  by 
Equations  (10)  -  (12)  using  Equations  (8)  and 
(9)  and  the  procedure  giver  in  Appendix  B  for 
obtaining  7^;  see  Appendix  C.  Equation  (13), 
also  drived  In  Appendix  C,  defines  the  modal 
decrement  of  the  rudder  motions  relative  to 
the  hull. 

The  method  for  determining  the  zero  speed 
damping  parameters  of  the  rudder  and  the 
relationship  between  these  parameters  and  the 
logarithmic  decrements  of  the  rudder  la  now 
treated  (see  Appendix  D). 

Page  78  of  Reference-  1  gives  the  several 
damping  parameters  associated  with  mot  tons  7 
and  a  and  v  of  the  rudder.  Of  these  several 
parameters,  only  the  parameters  C  and  e 
associated  with  rudder  translation  athwartshlp 
(along  y-)  and  rudder  rotation  about  an  axis 
parallel  to  the  stock  (about  *-)  have  been  con¬ 
sidered  as  significant  and  are  therefore  the 
only  ones  Included  in  the  equation  of  motion 
(62a,  b)  of  Reference  1,  which  are  the  basts 
for  determining  the  damping  parameter  values 
here'. 

Since  we  arc  considering  the  damping  of 
the  system  In  still  water,  terms  containing  S 
(ship  speed)  in  Equations  (62a,  b)  are  equated 
to  Zero.  Also,- since  damping  In  the  a  degree 
of  freedom  will  be  assumed  to  be  negligible. 
Equation  (62c)  Is  omitted  from  the  discussion. 
Equations  (62a.  b)  may  be  used  directly  to 
obtain  (at  aero  speed)  the  parameters  C  and  c 
in  terms  of  the  variables  >,  «,  v,  7g,  fig,  % 
and  certain  geometrical  and  physical  parameters. 

The  variables  are  obtained  from  the  test 
records  and  the  constants  are  determined  by 
the  »-tHods  of  Reference  2  and/or  from  measure* 
»  'u.  It  may  turn  out  that  when  variables 
Obtained  from  one  portion  of  the  record*  are 
Inserted  into  these  eq>istions,  the  calculated 


*  The  logarithmic  decrement  correspond*  to  a  single  mode  of  vibration  (l.e,,  decaying  sinusoidal 
oscillation).  Consideration  for  several  superposed  modes  Is  discussed  in  the  text.  To  obtain 
each  decrement,  we  look  at  the  motion  in  one  dogre.  of  freedom  at  a  llsw,  Ignoring  the  motions 
In  the  Other  two  degrees  of  freedom, 

t  Here  the  logarithmic  decrement  is  for  one  mode  of  vlbrdtion  of  the  rudder  system  including  the 
roc;  ilb..  ons  of  the  mot  lore  ■*  a.  ’«d  v  in  the  three  H,.,,.,  of  freedom. 
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value*  of  C  and  c  are  different  from  those 
corresponding  to  the  variables  obtained  from 
another  portion  of  the  record.  This  Indicates 
that  C«C(t)  and  c=c  (t).  If  the  variation  Is 
small,  then  C  and  c  may  be  sensibly  considered 
to  be  constant  for  convenience.  If  the  record 
shows  that  the  modes  are  discrete  at  different 
times,  then  each  mode  may  in  turn  be  treated 
as  predominant  over  the  pertinent  time  Interval 
and  substitution  of  the  variables  will  show  if 
C  and  c  vary  with  the  mode  (or  frequency),  i.e,, 
whether  C=C(w)  ,  c=c(w).  Appendix  D  gives  the 
derivation  of  the  resulting  Equations  (14)  and 
(IS)  which  are  based  upon  Equations  (62a,  b) 
of  Reference  1.  In  these  equations, 

-  £  *  s  —  =  —  (see  Reference  3)where  6  is  the 
w  2*  C.  c 

c  c 

logarithmic  decrement  of  the  waveform,  V  U  the  real 
part  of  X  indicating  the  degree  of  damping ,and 
u>  is  the  imaginary  part  of  A  which  is  the 
circular  frequency  of  vibration;  i.e.  ,X  •ji+jtu; 

S,  w(*nd  hence)*)  are  directly  obtainable  from 
the  waveform  on  a  given  record  for  a  particular 
mode  of  vibration,  Cc  and  c£  are  critical 
damping  constant*  for  the  translational  and 
rotational  degrees  of  freedom,  respectively. 


7  alone  or  a  alone  and  is  also  the  same  as  that 
for  the  total  displacement  (at  any  point  on  the 
rudder)  consisting  of  contributions  of  the 
coupled  motions  7,  a,  and  v. 

When  more  than  one  mode  is  present  simul¬ 
taneously,  each  contributes  to  the  v  (or  a  ) 
motion.  The  motion  in  each  degree  of  freedom 
may  then  be  considered  to  be  the  sum  of  sinu¬ 
soids  with  frequencies  corresponding  to  the 
modes  present.  Note  that  the  phase  relation¬ 
ships  are  also  included  in  the  equations. 

Thus  in  general 


v(t)  =  £  e  ,«inta>.t 

i»l  1,1 

vb(t)-Le  |,it(vi|bl,inwlt  + 

3 

#(()"£«  *1  (ot  j*ln w^t  +  2  cos  u^t) 

i»l  *  * 


+  vl>2co.Wlt) 
vi,b2C0IWit) 


If  all  modes,  or  two  of  the  three  modes, 
persist  slaultaneously ,  then  each  mode  may  be 
filtered  in  turn  from  a  taped  signal  and  an 
oscillogram  of  the  filtered  mode  signal  can  be 
obtained.  Thus  postulating  that  v(t)  may  oe 
represented  by: 

v(t)  v.e  1 

l.l 

where 

X^  »  <*t  ♦  t  •  1.2,3 

Then  if  the  ttk>  mode  prrtdomlnates  for  a  partic¬ 
ular  period  of  time  or  is  filtered  out  of  the 
taped  signal,  the  equation  for  v(t)  become* 

v(t)  •  vt«  V  l  »  1,2,3 

for  the  corresponding  Signal  and  similarly  for 
the  variable*  7,  a,  v^,  7b,  afa  (see  Appendix  D). 

Equations  (62a,  b)  of  Reference  1  may  be 
solved  to  obtain  C/Cc  or  £  *  *  g  by  the  analytic 
procedures  of  Rcfercnca  3,*  This  value  may  be 
compared  with  C/C  or  c/e  ■  JL  obtained  from 
the  measurements  described  above  and  in 
Appendix  C.  Close  agreement  would  Indicate 
that  the  computation  for  C/C  and  c/c  from 
experiments!  dots  ss  prescribed  hers  l*  valid. 

It  should  be  noted  that  for  a  particular  mode, 
the  decay  ratio  for  translational  motion  v 
alone  is  the  same  as  that  for  rotational  motion 


with  similar  expression*  forab,  7,  7b.  The 
equations  lor  these  variables  and  their  deriva¬ 
tives  may  then  be  substituted  into  Equation 
(62a,  b)  and  C,  and  c^  found  in  a  manner 
similar  to  that  given  above  for  i  ■  1  or  2  or 
3  only.  The  resulting  equations  which  are 
more  complex  will  not  bo  given  her*  but  can  be 
oaally  obtained. 

The  mass  and  flexibility  of  the  rudder  can 
be  calculated  using  the  methods  of  References  4  or 
5.  Extension  of  the  damping  computation  to 
Include  certain  damping  constants  omitted  In 
deriving  Equation  (62)  of  Reference  1  can  be 
performed  using  the  methods  of  Reference  6, 

TEST  PROCEDURE 

The  computation  of  the  parameters  c.  C,  /, 
C/Cc ,  etc,  requires  that  experimental  data  bo 
obtained  for  insertion  Into  the  equation#  of 
Table  1.  Thta  section  describes  the  teat  pro¬ 
cedure  tor  obtaining  such  data. 

Figures  l  and  2  show  the  schematic  diagram* 
of  the  rudder,  rudder  stock,  and  hull  with 
acctlerometers  at  locations  d.  which  are  direct¬ 
ed  normal  to  the  vertical  cenferplanes  of  the 
rudder-stock  and  hull.  Car#  mutt  be  taken  to 
locate  (I.e,,  compute  prior  to  testing)  the 
exact  center  of  maaat  of  the  rudder  In  order 
to  accurately  determine  the  rotational  and 
translational  components  of  the  total  measured 
■Kit ton  of  the  rudder. 

The  rudder-hull  system  was  set  Into  tree 


*  Details  of  the  method  of  solution  ot  the  decay  ratio  C/Cc  and  application  to  actual  problem* 
are  given  in  this  reference, 

t  Sw  foolrcjlc  .r  A. 
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vibration  by  impulsive  excitation  of  the 
rudder.  The  excitation  was  produced  by  a  snub¬ 
nosed  ram  capable  of  creating  an  Impulsive  load 
of  large  magnitude  with  duration  sufficient  to 
excite  the  lower  modes  of  vibration.  Excita¬ 
tions  are  produced  at  different  locations  on 
the  rudder  in  order  to  agitate  all  (lower) 
modes  of  interest. 

The  vibratory  reponses  picked  up  by  the 
accelerometers  are  converted  Into  electrical 
signals  which  are  then  amplified  and  recorded 
onto  magnetic  taH.  or  oscillograph  charts. 
Figures  3a  and  3b  are  block  diagrams  of  the 
recording  systems  used  In  ALBACORK  and  SAMPSON 
tests,  respectively. 

In  general,  such  tests  are  to  be  performed 
in  air  and  In  water. 

RESULTS 

The  results  of  analyzing  the  data  obtained 
from  zero  speed  tests  in  drydock  flooded  and 
unflooded  on  ALBACORE  and  SAMPSON  are  shown  In 
Table  2.  The  methods  of  data  analysis  yielding 
these  results  are  now  discussed. 

ALBACORE  RESULTS 

A  typical  trace  taken  from  ALBACORE 
records  Is  shown  In  Figure  4.  Analysis  was 
made  for  the  20-cps  stern  plane  vibrations  (In 
air)  ,  for  the  24.5-cps  rudder  vibration  (in 
air),  and  for  the  13-cps  rudder  vibration  (In 
water);  these  are  the  predominant  frequencies. 
No  measurements  were  made  on  the  submerged 
stern  planes. 

Since  no  hull  motions  were  recorded  tor 
which  7^,  ajj,  and  Vjj  could  be  determined, 
computations  for  5^,  6a ,  and  5V  only  were  made 
using  Equations  (4),  (3),  (ha),  and  (6b)  of 
Table  1.  Equation  (/)  was  used  to  compute 
®modal  toc  cach  gage ;  these  values  were 
averaged  to  give  one  value  of  ®modal  f°r 
entire  system,  l.e.,  one  value  for  the  rudder 
system  and  one  for  the  stern  plane  system. 

The  records  were  analyzed  by  fairing  a 
curve  through  the  peak  amplitudes  of  the 
oscillograms  and  by  measuring  peak  amplitudes 
at  the  same  instant  of  time  of  all  traces 
obtained  from  a  particular  impulsive  excita¬ 
tion.*  The  faired  curves  represent  the 
envelope  of  a  decaying  sinusoidal  wave.  Values 
of  7,  and  v  for  several  peak  amplitudes  of 

the  trace  were  obtained  by  substituting  the 
measured  values  of  corresponding  to  fixed 
limes  Into  Equations  (1)  -  (lb).  Ratios  of 
the  successive  values  of  7,  a,  and  v  were 
formed,  and  the  logarithmic  decrements  tor 
these  ratios  were  computed.  Approximately  10 
to  15  values  for  the  decrement  of  7,  a,  and  v 


were  averaged  to  yield  6^,  6  Q,  and  6V  from  a 
single  record  (l.e.,  single  excitation). 

Since  the  rudder  and  stern  plane  stocks 
were  not  accessible  for  instrumentation  during 
the  tests,  the  effective  lengths  of  stock,  jt 
and^T  could  not  be  computed.  Also,  values  for 
the  hull  motions  7jj,  a^,  and  v.,  required  for 
the  computation  of  C  and  c  by  Equations  (14)  and 
(15),  were  not  available.  However,  since  phase' 
angles  between  corresponding  rudder  and  hull 
motions  (e.g.,  between  v  and  v^,  etc.)  were 
observed  to  be  inmteasurably  small,  the  terms 
with  subscript  2  (e.g.,  a2»ab2*  etc*)  ln  the 
right  members  of  these  equations  may  be 
Ignored,  thereby  reducing  the  equations  to  the 
simpler  forms  of  Equations  (16)  and  (17). 
Equation  (16)  is  independent  of  °j,>  and  v^ 
as  is  Equation  (17)  also  if  we  assume  7b,  =  0 
for  convenience  of  calculation.  Under  these 
conditions,  damping  values  C  and  c  ln  air  and 
in  water  were  computed  (see  Table  2) .  In  corn- 
put  ing  the  damping  values  C  and  c,  average 
values  of  the  decrements  6„  a  (6  and 

67  =  (67)ave  are  used.  V 

Virtual  mass  and  mass  moments  of  inertia 
were  computed  for  the  rudder  using  Equations 
(18)  -  (21)  (see  Table  1)  and  are  tabulated  in 
Tabic  2.  Similar  results  were  not  obtained  fot 
the  stern  plane  since  they  were  tested  In  air 
only. 

SAMPSON  RESULTS 

Analyses  were  made  on  the  two  most  read¬ 
able  records  from  the  SAMPSON  trials. ^  Both 
of  these  were  for  in-water  trials.  '  In-air 
testing  of  the  SAMPSON  rudder  provided  no 
usable  data  since  the  lower  modes  of  vibration 
were  not  excited  sufficiently.  Hence  no  com¬ 
putations  were  made  for  virtual  mass  or  virtual 
mass  moments  of  inertia  using  Equation  (18) 
which  requires  in-air  frequency  data.  The 
total  mass  of  the  rudder  ln  translation  was 
obtained  by  adding  the  virtual  mass  computed 
by  Equation  (19)  to  the  structural  mass. 

Plots  were  made  of  the  total  displacement 
of  each  gage  from  both  records  and  are  shown 
in  Figure  5.  The  figure  shows  that  there  is 
no  significant  rotation  of  the  SAMPSON  rudder 
because  all  displacements  appear  to  have  the 
same  amplitude.  As  a  result,  the  total  motion 
measured  by  each  gage  was  not  separated  into 
its  7,  a,  and  v  components. 

Further,  since  the  hull  displacements  were 
nearly  equal  to  the  values  of  the  rudder  dis¬ 
placements,  hull  contributions  to  the  total 
recorded  motion  were  not  extracted.  The 
analysis  thus  consisted  of  determining  the 
logarithmic  decrement  from  each  gage  for  both 
runs.  This  amounts  to  determining  ®mojaj  for 


*  The  peak  amplitudes  could  be  measured  simultaneously  because  phase  shifts  on  the  rudder  were 
found  to  be  negligible. 
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each  gage.  The  results  of  the  analysis  for  the 
predominant  frequency  of  2.18-cps  are  presented 
In  Table  2. 

DISCUSSION 

Table  2  shows  .hat  the  procedure  developed 
for  computing  the  logarithmic  decrements  yields 
results  which  do  not  vary  widely.  It,  there¬ 
fore,  provides  reasonable  (i.e.,  order  of 
magnitude)  estimates  for  the  decrements  and 
corresponding  damping  values  for  the  control 
surfaces  useful  for  ship  vibration  and  flutter 
analysis.  A  similar  statement  may  be  made  for 
computation  of  the  virtual  mass  (see  Table  2d). 

Since  the  rudder  Is  attached  through  a 
flexible  stock  to  a  flexible  hull,  the 
frequencies  In  Equation  (18)  will  depend  on  the 
mass-elastic  properties  of  the  hull  as  well  as 
on  the  properties  of  the  rudder-stock  system. 
Apart  from  hull  effects,  the  frequency  data 
used  in  Equation  (18)  correspond  to  the 
(me.iCUU-J)  coupled  V,  a  ,  y  motions  of  the 
rudder  whereas  strict  application  of  Equation 
(18)  requires  that  frequency  data  associated 
with  uncoupled  cantilevered  motions  be  used 
(see  Appendix  E) ,  Nevertheless,  transgression 
of  this  rigorous  application  of  Equation  (18) 
Incurred  only  a  10  percent  deviation  from  the 
average  of  the  results  obtained  by  use  of 
Equations  (18)  and  (19);  (see  Table  2d). 

In  general,  fluctuations  In  the  results 
may  be  largely  attributed  to  difficulty  In 
reading  records  accurately  due  to  a  variety 
of  causes. 

For  SAMPSON  data,  an  attempt  was  made  to 
filter  the  frequencies  of  Interest  from  the 
total  recorded  signal  because  to  many 
frequencies  were  excited.  Figures  6a,  b  are 
typical  traces  of  SAMPSON  records.  Figure  6a 
shows  the  total  recorded  response  of  a  given 
gage  and  Figure  6b  shows  the  filtered  response; 
the  center  frequency  of  the  filter  It  2.18-cps, 
Mote  that  prior  to  time  t.,  the  point  In  t law 
whin  the  rudder  it  Impulsively  excited,  a 
Signal  of  the  tame  frequency,  2.18-cps,  occur* 
In  the  trace.  This  signal  apparently  persists 
after  impact  and  la  superposed  upon  the  decay 
curve.  The  source  of  this  signal  is  uncertain. 

We  surmise  that  the  predominant  signal a 
with  the  frequency  of  2.16-cps  correspond  to 
hoi'Uontal  bending  vibration  of  the  hull  for 
the  following  reason*.  The  displacement  a  of 
the  rudder  and  stock  and  hull  are  all  approxi¬ 
mately  equal.  The  hull  gage  at  Location  1 
(Figure  1)  which  la  approximately  9)  In,  for¬ 
ward  of  the  rudder  Stock  avoided  approximately 
the  tame  response  as  the  rudder  Stock  gages. 
Moreover,  the  2,18-cps  frequency  Is  Welt  within 
the  region  of  lateral  vibration  of  ship*, 
particularly  destroyers,"  where**  the  funda¬ 
mental  measured  frequencies  of  some  other  ^  ,u 
rudder  systems  Is  in  the  region  of  V-8-cps,  *' 


It  should  be  noted  that  the  fundamental 
frequency  observed  for  ALBACORE  la  considerably 
higher. 

Future  simplification  of  data  analysis 
should  take  advantage  of  the  fact  that  any 
decrement  can  be  determined:  (1)  graphi¬ 
cally  from  oscillographic  or  magnetically  taped 
records  of  the  signals  dj(t),  d^ft),  etc.,  or 
by  (2)  devising  electrical  circuitry  to  record 
the  values  of  the  decrements  directly  either 
as  soon  as  the  signals  are  measured  or  In  the 
laboratory  using  tape  stored  signal  data. 

CONCLUSIONS 

Based  on  the  foregoing  analysis  and  test 
results,  the  following  conclusions  have  been 
reached: 

1.  It  appears  likely  that  reliable 
results  for  damping  coefficients  and  Inertial 
parameters  for  control  surfaces  can  be  obtained 
using  the  methods  presented  here. 

2.  Use  of  modal  analysis  equipment 
(filters)  which  gives  the  frequency,  logarithmic 
decrement,  and  damping  for  each  mode  and  the 
relative  phase  between  any  two  vibratory  dis¬ 
placements  at  dliferont  points  on  a  structure, 
for  a  particular  mode,  la  vital  for  the  practi¬ 
cal  application  of  the  present  analysis. 

J,  The  test  procedure  must  be 
Improved,  Impulsive  loading  should  be  con¬ 
trolled  so  that  all  significant  model 
frequencies  of  the  control  surfaces  are  excited 
(see  DISCUSSION),  Extraneous  noise  and  vibra¬ 
tion  effect*  on  the  recorded  data  must  be 
eliminated  or  minimised  by  controlling  the 
source  of  the  trouble  and/or  Improving  the 
Instrumental  ton. 

RFCOftUvHOATTONS 

1,  Furlh-r  testa  on  control  surface*  of 
surface  ships,  submarines,  hydrocrafts,  etc,, 
should  be  conducted  In  accordance  with  the 
procedure  presented  here  to  obtain  realistic 
damping  and  Inertia]  parameters  for  these 
surfaces . 

2,  The  analysts  should  be  extended  to 
Include  the  mass-elastic  effect*  of  tiller 
connection*,  links,  and  other  steering  gear 
machinery  on  tin?  vibrational  response  of  the 
system, 

1,  Analysis  equipment  should  be  developed 
«r  purchased  in  order  to  oolaln  the  desired 
results  from  the  recorded  data, 
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APPENDU  A 


DEVELOPMENT  OF  EQUATIONS  FOR  DETERMINATION  OF 
RUDDER  MOTIONS  y,  a,  v 

Figure  1  Is  a  diagram  of  the  gage  layout 
on  the  rudder.  The  gages  are  placed  along  x- , 
z-axes  whose  origin  Is  at  the  center  of  mass 
of  the  rudder.*  Thus,  Xj  Is  the  distance 
between  the  center  of  mass  and  Cage  4  which 
measures  displacement  d^.  It  is  assumed  Chat 
no  o  contribution  to  the  total  measured  motion 
of  a  gage  exists  on  the  horizontal  axis 
(x-axls)  through  the  center  of  mass.  Likewise, 
no  7  contribution  to  the  total  measured  motion 
of  a  gage  exists  on  the  vertical  axis  (z-axis) 
through  the  center  of  mass.  Only  motions  in 
the  7,  a,  and  v  degrees  of  freedom  contribute 
significantly  to  the  total  coupled  athwartshlp 
motion  of  the  rudder.  Referring  to  Figure  1, 

d4  =  v  .  Xj7 

dg  =  v  -x27 


from  which 


or 


v  »  K5  <d4+W 


where 


K4  =  zl/z2 


K,  = 


'3  "  Xj  ♦  x2 


K6  *  xl/x2 


>-3b) 


7  __L_  (d4  .V  .  Kl(d4  -  dfl)  tA-lJ 

where  K  -  - - -  -  constant 

1  +  x2 

likewise  dj  *  v  -  z^a 


from  which  a  =  -  (d,  -  d.) 

Zj  +  z2  6  2 

=  K2  (dft  -  d2)  [A-2] 


where 


•=  constant 


From  the  equations  leading  to  l A- 1  )  and  [A-2] 
we  have 


W, 


W 


[A-3a] 


*  Prior  to  the  conduction  of  the  tost,  the  centers  of  mass  of  the  rudder  in  air  and  in  water  must 
be  computed.  The  center  of  mass  in  water  is  computed  to  be  the  center  of  mass  of  the  combined 
rudder-rudder  stock  system  including  the  virtual  mass  which  is  approximated  by  the  volume  of 
water  contained  in  an  ellipsoidal  cylinder  of  revolution  taken  about  a  rudder  axis  (see 
Reference  4,  page  12).  The  virtual  mass  computed  in  accordance  with  the  method  of  this 
reference  (Equation  (19),  Table  1)  may  be  compared  with  the  experimental  value  determined 
from  the  data  by  use  of  Equation  (18),  Table  1. 
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APPENDIX  B 


DETERMINATION  OF  EFFECTIVE  LENCTHS  OF  CONTROL 
SURFACE  STOCK 


Assume  i  sec  of  cartesian  coordinate  axes 
(x1  -,  y’  z1  -)  with  the  origin  O'  at  the 
point  of  attachment  of  the  control  surface  to 
the  stock  (usually  at  the  top  of  the  control 
surface)  such  that  the  z'-axls  runs  through 
the  center  of  the  control  surface  stock  (see 
Figure  7);  note  z'=  z-b  and  x'=x-h.  For 
simplicity,  we  will  call  our  control  surface  a 
rudder.  All  equations  and  statements  apply 
equally  well  to  stern  planes. 

Referring  to  Figure  8,  def  ine  (<IV  >3)7.11 
as  the  displacement  of  the  stock  between 
Gage  Positions  7  and  11  due  to  the  a  ard  v 
motions  of  the  stock.  Also,  let  77.11  be  the 
7  rotation  of  the  stock  between  Gage  Positions 
7  and  11.  Ther. , 


From  Figure  1 , 


d3  *  ^v.aV?*1^  7l-3 


and  d,  *  (d  )  -x,  7 

1  v,a  1-3  6  1-3 


From  Equations  [B-9],  and  fB-10] 


7l-3  *  *14  <d3  'V 


"  *12<VK13dl) 


[B-10] 


[B-ll] 


[B-12] 


d7  =(dv,a  ^-ll  +  x7  7 7-11 


where  K, _  «  — —  *  constant 

12  x5  +  x6 


dir(dv,o  *7-11  'xn  77-h 


From  [B-l]  and  [B-2],  noting  that  xy  *  xn* 
we  have 


7 7- 1 1  *  *7(d7  '  dll) 


and  K, —  =*  constant 


K,  .*  — .  *  constant 

14  x5  +  x6 


where  K?=  ^  =  2xn 


Similarly  ^"(d,^)^.^  *  »,2  7,^  (B-4] 


dl0=(dv,a)l0-12  '  X10  V10-12 


from  which  (since  x  q  -  *12)1 


710-12  '  *8  (d10  'd12> 


K„  -  ~~  »  *  constant 

8  2x1q  2xl2 

From  Equations  [B-l]»  [B-2],  [B-4],  and  [B-5] 

we  obtain 


w,,  _  > 


Figures  8  and  9  arc  plots  of  (dv>a)2i  and  7 
versus  z'  respectively  obtained  from  the  values 
calculated  by  the  above  equations.  For  a  rigid 
control  surface,  7  has  a  constant  value,  l.e., 
the  value  of  7  obtained  by  Equation  [A-l ] 
should  equal  that  obtained  by  Equation  [B-ll]. 
Both  (dy  a)  and  7  ^  are  plotted  at  z'=0. 


In  Figure  8,  the  curve  of  (d  a)  against 
z '  approaches  the  straight  Hrc  whise  slope  is 
the  tangent  of  ^  ■his  line  appears  as 

the  dotf-d  llru  cn  Figure  8.  The  angle  this 
makes  with  the  vertical  (parallel  to  z')  Is  o^. 
The  method  of  measuring  Ob  and  the  location 
of  this  line  In  the  plane  will  be  discussed 
later  In  this  appendix.  These  straight  llnea 
(or  asymptotes)  remain  straight  for  Increasing 
z'  since  they  represent  the  rigid  body  motions 
and  torsional  motions  of  the  hull.  Bending  of 
the  hull  In  the  horizontal  plane  would  give 
rise  to  additional  curvature  of  the  curve  In 
Figure  8  at  a  value  of  z*  In  the  vicinity  of 
the  hull. 


The  quantities  7h,  *'T,  and  z'_  are 
measured  from  the  plots  of  Flguies  8  and  9; 
z  ’T  and  z'g  are  the  distances  from  the  point 
of  attachment  of  the  rudder  stock  to  rudder 
(usually,  although  not  always,  st  the  top  of 


v, a  '10-12  -  2  10  12 
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the  rudder)  to  the  point  of  attachment  of 
stock  to  hull  In  torsion  and  bending,  respec¬ 
tively.  the  measured  values  of  7b  will  be 
used  In  subsequent  calculations. 

When  7  Is  plotted  against  z'.  It  Is 
expected  that  a  point  will  be  reached  at  which 
the  curve  Is  vertical.  The  value  of  7  at  this 
point  will  be  called  7.  .  The  quantity  Is 
the  distance  along  z'  from  the  point  on  z' 
where  7  »  7b  to  the  center  of  mass  of  the 
rudder.  It  Is  computed  by  measuring  z'  from 
z'  =0  to  z'  at  7  =  7b  and  adding  the  quantity 
b  (see  Figures  8  and  9)  to  this  result,  l.e,, 

=  ^  ^  +  h. 


In  the  plot  of  dy  0  versus  z',  note  that 
the  point  where  the  cufve  dy  ,  versus  z' 
becomes  linear  Is  the  point  attachment  of 
the  rudder  stock  to  the  hull  In  bending.  The 
value  of  d  a  at  this  point,  which  is  obtained 
by  extrapolation  (or  Interpolation),  will  be 
called  (dy  a)R_jj.  The  linear  portion  of  the 
curve  makel  an  angle  ab  with  the  vertical  (see 
Figure  8);  ob  will  be  determined  below.  The 
value  of  J.  Is  the  distance  along  z'  from  the 
point  on  z'  where  dy>a  =  (dy>a)R_H  to  the 
center  of  mass  of  the  rudder!  It  is  computed 
by  measuring  z1  from  s'  «  0  to  z'  at  dy  = 

(dy  a)R.H  and  adding  the  quantity  b  (see 
Figures  7  and  8)  to  this  result,  l.e., 

£  «  z'B  +  b. 


The  hull  angle  of  torsion,  represented  by 
ab,  may  be  determined  by  the  following  method 
(see  Figures  2  and  10). 


The  ship  Is  instrumented  with  two  accelero¬ 
meters  (Gages  13  and  14)  to  measure  the 
athwartshlp  motions  of  the  section  of  the  hull 
In  line  with  the  rudder  stock  and  two  accelero¬ 
meters  (Gages  15  and  16)  to  measure  the  verti¬ 
cal  motions  of  the  hull  in  the  transverse 
plane  which  contains  the  rudder  ctock.  In 
Figure  10  let, 


of  the  control  surface  due  to  the  motion  of 
the  hull  may  be  determined. 


Then 


<dn  -V 


(B-13] 


(d16  *d15> 

and  ab  -  ^  [5-14] 

7P 

This  value  of  a.  determines  the  slope  of 
the  linear  part  of  tne  curve  In  Figure  8. 

Hence,  the  displacement  of  the  center  of  mass 
of  the  control  surface  due  to  the  coupled 
torsion-horlzontal-bendlng  motions  of  the  hull 
is  given  by  (see  Figure  10); 


dR-H  =  d13+LHab-h\  [B-15] 


Substituting  Equation  [B-13]  Into  the 
above  expression,  Equation  [ B- 15]  may  be 
written  as 


R-H 


=  d 


13 


hi 

l„ 


13 


-d14)-h?b 


-h7. 


0r  dR-H  =  K9d13  *K10d14  h\ 


[B-16] 


where  R^ 


Rjq  -  constant 


K 


10  = 


constant 


L_  ■>  vertical  distance  between  Gage  locations 
F  13  and  14, 


Also,  by  using  Equation  [ B- 14 ] , 


1^  a  vertical  distance  between  Gage  bocation 
13  and  the  center  of  mass  of  the  rudder, 

y  a  horizontal  distance  between  Gage  Locations 
F  15  and  16,  and 

d.  ,  d.,,  d.,,  d1h  *  displacement  of  the  hull 
13  ID  10  a,  Gage  Locations  13, 

15,  and  16,  respectively. 

The  solid  line  In  Figure  10  represents 
the  undlstutbed  position  of  the  ship  and  the 
dotted  line  represents  the  horizontal  torsion- 
bending  motions  of  the  ship  after  Impact  on 
the  control  surface,  assuming  the  control  sur¬ 
face-stock  system  remains  completely  rigid 
with  respect  to  the  Lull,  so  that  the  motion 


(d.,  ■d15) 

d„  =  d„  +  1^  16„  ■  ^  -h7, 


R-H  13 


yp  'b 


°r  dR-H  “  d13  +  Vd16  •d15)  *h*b  tB*171 


lh 

whe-e  K  c  —  ■  constant 

11  yp 

In  determining  the  motion  of  the  rudder 
relative  to  the  hull  in  the  y-dlrectlon  when  a 
flexible  stock  Is  considered,  the  displacement 
of  the  hull  must  be  accounted  for  because  the 
displacement  on  the  hull  is  Included  In  the 
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Che  rudder  notions  measured  by  Che  gaget.  on 
Che  rudder.  Referring  Co  Figure  10,  we  nay 
define  Cite  notion  of  rudder  relative  co  Che 
hull  at  the  Mch  gage  position  by 


\  “  ’Si  '{d13  +  Vb  ‘Vb> 


[B- 18 j 


where  dg  is  the  motion  of  the  gage  which 
includes  Che  contribution  of  the  hull  notions 
as  well  as  the  effects  of  rudder  stock  flexi- 
blllty  and  where  Is  the  vertical  distance 
between  Che  gage  and  Gage  13  and  x^  Is  the 
horizontal  distance  between  the  Mch  gage  and 
the  rudder  stock  is  positive  when  Che 
gage  Is  aft  of  the  stock  and  negative  If  for¬ 
ward  of  the  stock).*  If  the  contribution  of 
the  tern  7^  is  negligible,  the  following 
expression  may  be  used: 


[B-19] 


* 


When  the  gage  is  at  the  center  of  mast,  the  term  in  psrenthesis  in  Equation  [B-18]  reduces 
the  right  hand  side  ot  Equation  (B-lSj. 
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APPENDIX  C 


DETERMINATION  OF  LOGARITHMIC  DECREMENTS 

In  determining  the  notion  of  the  center 
of  use  of  the  rudder  relative  to  the  hull  in 
the  y-dlrection,  the  displacement  of  the  hull 
stust  be  accounted  for  (in  addition  to  the 
displacement  of  the  center  of  mass  associated 
with  the  elasticities  of  the  flexible  stock) 
because  it  is  included  in  the  rudder  sot  ions 
measured  by  the  gages  on  the  rudder.  Thus, 
rudder  motion  relative  to  the  hull  motion  in 
the  y  degree  of  freedom  is 


i  ‘-s1-. 

^  i5=sr,.r: 


Rt 


[  C-3  3 


and  the  logarlthalc  decrement  of  the  v  motion 
of  the  rudder  relative  to  the  hull  by 


'  dR-H^t«t 


**;  5  los«  i»  - 


(C-4l 


v  -  dR,H  =  v-(dn  +  I„ab).* 


This  Is  equivalent  to  the  motion  of  the  center 
of  mass  of  the  rudder  attached  through  a 
flexible  stock  to  a  rigid  hull. 

The  values  for  y.  ,  a. ,  and  d„  „  must  be 
subtracted  from  the  recorded  y,  «*,  ■ and  v 
motions  of  the  rudder  to  obtain  the  true 
rudder  relative  to  hull  motion. 


The  logarithmic  damping  decrement  for  a 
motion  A  (t)  is 


6  A  "  q  l08e 


t  +  qr 
o 


tc-1] 


where  A  =  the  value  of  A  at  time  t»t 
*o 


At  +  the  value  of  A  at  time  t=tQ4qT 


where  T  is  the  period  of  oscillation  and  q  is 
an  Integer  equal  to  the  total  number  of  periods 
of  oscillation  of  A  between  the  measured 
amplitudes  (see  Figure  11),  Similar  relation¬ 
ships  hold  for  the  motions  7(t),  a(t),  and 
v(t). 


We  aeflne  the  logarithmic  decrement  of 
the  7  motion  of  the  rudder  relative  to  the 
hull  by 


7*  7 v 


t=t 


-  log  r 
q  "c  > 


e  !  7  -7, 


fc  t-t0  +  qr 


[C-2) 


In  terms  of  displacement,  these  Equations  [C-2] 
[C-2],  and  [C-4]  respectively  become  Equations 
llO],  [11 J,  and  [12]  of  Table  1. 

Similarly,  the  decrement  of  the  relative 
mot  ion  of  the  Mth  location  on  the  rudder  ia 
given  by  (see  Equation  [13]  of  Table  1) 


1  ^dn'(d13+LMab'xM7b)^t»to  f 
5M(modal)=  qlogej[dM-(d13+LMVVb)1t,to+q4 

[C-5] 

In  these  equations,  dM  is  the  recorded  dis¬ 
placement  of  the  rudder  at  the  M1**  position  and 
Lj,  U  the  vertical  distance  of  the  Mth  position 
to  the  gage  where  the  displacement  dj-j  is 
measured. 

For  some  applications,  the  term  x^y^  may 
be  negligible.  In  the  present  application  to 
ALBACORE  and  SAMPSON,  the  terms  di3+Iy(ab'xM7b 
were  not  considered  (see  Results)  so  that 
Equation  [c-5 ]  reduces  to  Equation  [7]  of 
Table  1. 

Theoretically  6Vr  ^  -  50r  *8^. 

The  analysis  of  the  record  should  verify  this 
assertion. 


the  logarithmic  decrement  of  the  a  motion  of 
the  rudder  relative  to  the  hull  by 


*  In  Equation  [u-18],  d^*v,  and  the  term  has  been  neglected  for  the  present  application. 
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APPENDIX  D 


DERIVATION  OF  EQUATIONS  FOR  PARAMETERS  C  AND  c 

Derivation  of  Equation*  [ 14 ]  and  [ 15 ]  of 
Table  1  are  presented  In  this  Appendix. 

Consider  Equation  [62a]  of  Reference  1. 

At  zero  ship  speed,  this  Is  (see  Notation): 


M  v*  -12k  [v-v  +  hT-ba --i/(a+  a.)  ]  -Cv 

y  *  D  4.  D 


-Myv  -12kg[v-vb  +  h7-ba-|/(a  +  ab>  ] 


Suppose  the  motion  In  each  degree  of 
freedom  Is  a  damped  sinusoid.  Then* 

ut 

v  n  Vje  sin  cut 


e**1 

(“l 

sin  tot 

+  a2  cos  tot) 

e^ 

<71 

sin  o't 

+  72  cos  tot) 

e^ 

(vbl 

sin  tot 

+  vb2 

cos  tot) 

e"* 

(abl 

sin  tot 

+  ab2 

cos  tot) 

S* 

<7bl 

sin  tot 

+  7b2 

cos  tot) 

where  a^,  a2,  7  . 


'2’ 


Vfc  t '  Vb2 


abl’  ab2'  7bi’ 


'b2 


are  constants. 


The  exponent  #1,  the  frequency  to,  and  the 
constants  a.,  a»,  etc.,  can  all  be  determined 
from  record!.  Moreover, 

v  >  v^(/i  sinut  +  cos  wt)e^1 
v  =  v1[(M2*«2)sinwt  +  2f«o  cos  tot 

a  -{[^(M2  -to2)  -2o2M<o]sin  tot 

+[«2^2"w2^  +  Zttj/ito]  cos  tot  |  e^1 

7  -  |[71(M2-to2)  -272Mto]slntot 

+[72(^2'  <o2)  +  2  7jjUto]cos  tot  |  e**C 

7  =  t<7jM -72to)sintot  +  <7,<o+  12H)  cos  tot  ]  eMt 

7b  =  [(7blM-7b^o)sintot  +  (7^10+7^)003  tot]  e^1 

Substituting  the  appropriate  variable  v, 
ab  in  the  equation  for  C,  we 

n  =  0,  1,  2  .  .  .  . 

[vb2  ■h72+ba242(a24<lb2)] 


V,  V,  vb,  7,  0, 
find  at  time 

t  * 

2nir 
w  9 

r*  _  _  OWI  tii 

12k 

8 

C  + 

VjU> 

*  It  may  be  desirable  In  future  calculations  or  measurements  to  express  these  equations  In  the 
following  alternative  forms: 


v  »  Ve^sintol 
a  =  Ae^slnflwt+dj) 
r  »  iV^ai-Mtor.+dj) 

vb  °  vbc^t|!ln(Wt+^3> 
etc. 


V 

A 

r 


^ al 2  +  a2 

I  2  2 

-\h  +  72 


2  2 

vbl  +  vb2 
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Similarly  from  Equation  [62b]  of  Reference  1 
(see  Notation) 


IT-  I  aa  -12k  h(v-v.  )+6k  h(/+  2b)0 

Z  XZ  8  D  S 

’  [5j*  +  12k8h2J7+6ksh/V^£yb-c(7  -  7b> 

or 


c=[f^]  j*V+Ixz“  -I2ksh(v-vb)+6k8h(/+2b)a 
'  +  12ksh2]  Y+6ksh/V  jr  7b} 

Substituting  the  appropriate  variables  y, 
a,  v,  vb,  a,  y,  ab,  7b  In  the  equation  for 
c,  we  find  at  time 


t  ■  u  i  n  »0|  1,  2  .  .  .  . 

+  lxe  2^^2  '  w2>  +  2a^wj 
+12k8h[vb2'h72+ba2+^a2'Wb2)'2r'(72*7b2)]( 

In  these  equations,  -  «  •"  ■-  ~  .  •£- 

c  c 

(see  Reference  3)  where  5  Ls  the  logarithmic 
decrement  of  the  waveform,  ft  Is  the  real  port 
of  X  Indicating  the  degree  of  damping  and  w 
Is  the  Imaginary  part  of  X  which  1*  the 
circular  frequency  of  vibration.  Here  Cc  and 
cc  are  critical  damping  constants  for  the 
translational  and  rotational  degrees  of  free¬ 
dom,  respectively.  It  should  be  clear  that 
6,  u,  (and  hence  M)  are  directly  obtainable 
from  the  waveforms  for  a  particular  mode  of 
vibration  as  are  the  constants  vbn,  7ji  a^, 
etc.  Thus,  C  and  c  are  determined  from 
measured  and  calculated  data. 
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APPENDIX  E 


DETERMINATION  OF  VIRTUAL  MASS  AND  MASS  MOMENTS 
OF  INERTIA 

Methods  for  determining  the  virtual  ness 
and  virtual  mass  moments  of  Inertia  are  given 
In  this  Appendix. 

In  order  to  obtain  "ball  park"  values  for 
the  frequencies  of  the  rudder  by  means,  of  a 
simple  computation!  let  ua  assume  first  that 
we  are  treating  a  two  degree-of-freedom  system, 
consisting  of  v-  and  7  -  motions,  1. ema¬ 
nations  are  neglected.  With  this  approach, 
two  types  of  calculations  can  be  made.  The 
simpler  type  of  calculation  treats  the  system 
as  uncoupled,  whereas  the  second  type  which 
Involves  a  bit  more  computation,  treats  the 
system  as  a  coupled  one.®* 

Equations  developed  for  determining  the 
frequencies  associated  with  uncoupled  motions 
In  two  degrees  of  freedom,  v-translatlon  and 
7  -  rotation,  are  given  In  Reference  9,  page 
321.  The  frequencies  associated  with  uncoupled 
motions  are  Inversely  proportional  to  the  mass 
and  mass  moments  of  Inertia,  respectively. 

The  equations  for  the  frequencies  associated 
with  uncoupled  y-  and  7  *  motions  are 


which  may  be  written  as 

-1/2  -1/2 
fv°Cny  «nd 


[E-l] 


[e-2] 


where,  in  general  (l,e,,  for  any  medium), 

Is  the  frequency  of  the  translational  motion 
and  Cy  Is  the  frequency  o.f  the  rotational 
motion,  my  Is  the  total  masst  of  the  rudder, 

I  Is  the^mass  moment  of  inertia  of  the  rudder 
about  the  rudder  stock  axis,  and  I.  Is  the 
polar  moment  of  Inertia  of  the  rudder  stock. 

In  air 


-1/2 


f  cCm 

v,a  a 


7, a 


°C(I*>a 


-1/2 


[E-4] 


where  f  Is  the  frequency  associated  with 
translational  motion  (only)  in  air  and  f^>4  Is 
the  frequency  associated  with  7  rotation  ’ 
(only)  In  air.  Similarly 


-1/2 


oCm 
,w  y 


f7..«V. 


-1/2 


But 


Therefore 


my  *  Ba  + 
f2 

V 

f2 

v,v 


vlr 


f  m  +  m  . 

vj  _ vlr 


[E-5] 


Hence 


[E-6] 


This  Is  Equation  [18]  of  Table  1.  An  alterna¬ 
tive  method  for  computing  m  bas'd  on 
Reference  15  Is  given  by  Equation  (19)  of 
Table  1.  Similarly,  since 


<V- 


<v.  ♦ 


<Vvlr 


assuming  that  s»yir  and  sl  11*  close  to  the 
center  of  mass  of  the  rudder  In  water  (other¬ 
wise  use  the  parallel  axis  theorem  to  transfer 
all  moments  to  this  latter  center  of  mass; 
see  footnote  noxt  page) 


*  For  example,  the  .uioerlcal  valuea  for  the  parasmtert  of  the  "barn  door"  type  rudder  of  Reference 
9  indicate  that  the  maximum  difference  tn  the  corresponding  frequencies  obtained  from  the  use 
of  these  two  types  ts  not  likely  to  exceed  3)  percent  for  one  of  the  modes  and  20  percent  for 
the  other  mode, 

t  In  a  fluid  medium,  this  includes  the  virtual  smss  of  the  fluid  as  well  at  the  structural  mass; 
similarly  for  1^. 


then 


REFERENCES 


<Vvlr  ■  <Va 


fe)!- 


[2-7] 


Finally,  to  treat  a  -  motion* ,  we  postulate 

-1/2  -1/2 
f  OC  (I  )  and  f  0C(I  ) 

<XSA  x  fl  £L|W  x  W 


Then,  making  the  same  a* sumption  aa  for  (1^)^, 


<Vw 


<V.  + 


<Vvir 


(I  )  .  . 

'  x  vtr 


[2-8] 

[2-9] 


The  method*  for  computing  the  frequencies 
of  the  coupled  (v,7)  motion*  are  given  on 
p*ge*  321  and  322  of  Reference  9,  The  coordi¬ 
nate*  y  and  7  used  her*  are  x  and  a , 
respectively ,  In  Reference  9, 

Actually,  for  the  ship*  under  considera¬ 
tion,  the  frequencies  that  were  used  in 
calculating  m^,  (Ig)ytr,  *nd  <I„)vit  are  the 
EEfdaUnm  associated  with  measured 
coupled  motion*  rather  than  the  frequencies 
corresponding  to  the  uncoupled  motion*.  Thus 
since  we  cannot  really  discriminate  Between  1  , 
fy,  and  fa  In  these  calculation*  (If  measured 
frequencies  are  used),  Equations  (E-6),  [E-7], 
and  [2*9]  may  lead  to  poor  or  questionable 
results.  Calculation  showed  that  use  of 
Equation  [ E-6 ]  tor  ALBACORE  leads  to  satis¬ 
factory  results  whereas  us*  of  Equations  [E-7] 
and  (E-9)  do  not.*  Hence,  alternative  formu¬ 
lation*  tor  (lf)vt_  **d  (l_)vl-  based  on 
Reference  1)  are  given  by  Equations  [20]  and 
{ 21 } *  respectively,  of  Table  1.  In  Equations 
[20]  and  [21],  note  that  the  first  terms  In  the 
right  members  are  virtual  mass  moments  of 
Inertia  of  the  rudder  about  a  s*  and  a  x-axls, 
respectively,  through  the  center  of  mass;  t.e«, 
geometrical  center  of  the  ellipsoidal  volume  of 
water  which  approximates  the  voluaw  of  the 
rudder  fee*  Reference  A,  pages  It  and  12).  The 
term*  and  transfer  these  moments 

to  a-  and  y-axes  through  the  center  of  mess  of 
the  entire  rudder-fluid  system;  r  and  s  an  the 
distances  between  these  x*  and  y-axes, 
respectively. 
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NOTATION 


(Ix)4,(Is)4  Moment  of  Inertia  of  the  rudder 
about  the  x-  and  s-axes  respec¬ 
tively  with  origin  at  the  center 
of  mass  of  the  rudder  In  air 

Virtual  mass  moment  of  Inertia 
v  r  v  of  rudder  about  x-  and  a-axes 
respectively  with  origin  at 
the  center  of  mass  of  the 
rudder  In  water  (see  Equations 
[21]  and  [20]  respectively  of 
Table  1  and  Discussion  at  end 
of  Appendix  E). 

I  Product  of  Inertia  corresponding  to 

T  T  * 


A  Amplitude  of  rotational  stotlon  a  of  the 
rudder  about  the  x-axls 

A.  Amplitude  of  rotational  ax>tion  of  the 
hull  about  the  x-axis  at  the  point  of 
attachment  of  rudder  stock  to  hull (point 
of  attachstent  here  la  associated  with 
bending  of  rudder  stock) 

b  s-coordinate  of  effective  point  of  attach¬ 
ment  of  rudder  to  rudder  atock 

C  Damping  constant  associated  with  the 

motion  of  the  rudder  In  tht  transverse 
(y-)  direction 

C  Critical  damping  constant  for  trans- 

e  latlontl  degree  of  freedom 

c  Damping  constant  associated  with  the  motion 
of  the  rudder  about  the  vertical  (s-)axls 

c  Critical  damping  constant  for  rotational 

c  degree  of  freedom 

d.  Displacement  of  the  rudder  at  the  1th 

location  on  the  rudder  or  stock 

d»  „  Displacement  of  center  of  aats  of  the 
rudder  due  to  the  coupled  torsion* 
horltontal- bending  motions  of  the  hutt 

(d  )  «  Coupled  (v,«)  motion  of  the  rudder 
A  along  the  vertical  s' -axis  through 
the  center  of  the  rudder  stock 


E  Young's  modulus  Of  elasticity 

f y , f ^ ,  (y  ^ a ** y  v*^g  a'^a  w 
ctes  (defined  In  Appendix  K) 


frequen* 


G  Shear  modulus  of  elasticity 

g  Acceleration  of  gravity 

h  * -coordinate  of  effective  center  of 

attachment  of  rudder  to  rudder  stock 


1  Area  momei  t  of  Inertia  of  cross  section 
of  rudder  stock  relative  to  a  diameter 
through  the  centroid 

I  Polar  moment  of  Inertia  of  rudder  stock 

p  about  s'-axis 

I  Moment  of  Inertia  of  combined  rudder  and 
*  virtual  emta  about  t  -  s-axts  with  origin 
at  the  effective  center  cf  suss  of  the 
rudder  In  water 


J  Polar  moment  of  Inertia  of  crosa 

section  of  rudder  atock  about  a  per¬ 
pendicular  axis  through  the  centroid 

K.  Geometrical  constants  of  the  rudder 
1  (see  Appendixes  A  and  B) 


k.  Defined  as  kg.  ^  jwlwre 

KAG  la  the  shear  rigidity  of  the  rudder 
stock 

L..L-  Distances  between  gages  on  rudder  hull 
system  (see  Appendix  B) 

L.  Vertical  distance  between  the  Mtk  gage 
and  Gage  13 

/,JL  - lv*  length  of  rudder  atock  from 

c  .or  of  gravity  of  rudder  to  the 
points  of  attachment  of  rudder  stock 
to  hull  In  bending  and  torsion, 
respectively 

■4  Mata  of  the  rudder  in  translation  In  air 

a  .  Virtual  mass  of  the  rudder  in  traot- 

lr  lotion 

a  Total  matt  of  the  rudder  In  translation 

*  including  virtual  mast 

q  Integer 

S  Forward  speed  of  ahlp 

t  Time 

y  Amplitude  of  trenslet  lo*-l  Out  ton  (v) 

of  the  rudder  in  yrdtrectlon 

V  Amplitude  of  translational  motion  of 

*  the  hull  la  the  y*dlrectloo  at  the 
point  of  attachment  of  rudder  stock  to 
hull  (point  of  attachment  here  la 
associated  with  bending  of  rudder  stock) 


XI 


v  Snail  translation  of  effective  center 

of  nast  of  the  rudder  in  the 
y-dlrection 

Corresponding  translation  at  the 
point  of  attachment  of  rudder  stock 
to  hull 

x,y,s  Right-handed  rectangular  coordinates 

with  x-axls  always  parallel  to  the 
ahlp  axis;  the  origin  is  always  at 
the  effective  center  of  mass  of  the 
rudder  and  the  x-axla  is  vertical 
and  positive  upward 

x'.y'.s'  As  above,  but  with  origin  at  the 
point  of  attachsent  of  rudder  to 
rudder  stock 

,  y,  x  Mean  chord,  height,  and  thickness  of 
rudder,  respectively 

y  Horlxontal  distance  (in  y-dlrectlon) 

'  between  Gages  15  and  16 

x'_  s'  coordinate  of  point  of  attachaent 

of  stock  to  hull  in  bending 

x'T  s'  coordinate  of  point  of  attachaent 

of  stock  to  hull  in  torsion 

a  Small  rotation  of  the  rudder  about 

x-ar.ls 


ab  Small  rotation  of  the  hull  at  the 

potnt  of  attachment  of  rudder  stock 
to  hull  about  the  x-axla  (point  of 
attachment  hew  is  associated  with 
bending  of  rudder  stock) 

T  Amplitude  of  rotational  motion  7  of 

the  rudder  about  the  x-axls 

r.  Amplitude  of  rotational  motion  of  the 

hull  about  the  s-axls  at  the  potnt  of 
attachment  of  rudder  stock  to  hull 
(point  of  attachaent  here  is 
associated  with  torsion  of  rudder 
stork) 

7  Seal  I  rotation  of  the  rudder  about 

t-axis 


7.  Small  rotation  of  the  hull  a<  the 

point  ot  attachment  of  rudder  stock 
to  hull  about  the  a-axla  (point  Of 
attachaent  here  is  associated  with 
torsion  of  rudder  stock) 


A  Measured  values  of  logarlthaic 

decreaenta 


1  ,i  ,  4  logarithmic  decreaenta  which  are 
w  defined  in  Table  1 


*»(aodat)g*  ‘(-odal). 


Complex  circular  frequency  of 
vibration  of  1th  mode 

4*1  Real  part  of  A^  indicating  the  degree 
of  damping 

p  Density  of  seawater 

r  Period  of  oscillation 

Phase  angles  defined  in  Appendix  D 

w  Imaginary  part  of  X  indicating 

circular  frequency  of  oscillation 
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Table  1 


Summary  of  Equation*  of  Notion  and  Parameter*  Associated  with  Control  Surfaces 


NUMBER 


EQUATION 


ASSOCIATED 

CONSTANTS 


DEFINITION  AND  REMARKS 


SOURCE 


3a 


3b 


•b 


y(t)  *  K,(d4  -  d#)** 
alt)  *  Kjldj  -d2) 

v(t)  »  Kjldj+K^) 


v(t)  «  K}(d4fK4d$) 


<W».,0 


i  *** 

K.-!rk 


K3  ‘  *t+*2 

V* 

K>'Vh 

6  *2 
q  ■  inta|«  r 

r  *  period  of 
oscillation. 


<V4iW 


^4  ^«M#*qTj 


6  •  <—  1 0a 

*  q  *« 


r,VK.V.-.. 


4  «i 


l^l'^dVtM^eqt 

W4‘V.*«% 


—  log 

4  • 


‘(modal^*^*. 


d  >4 

a^(U  «  I*  >4 


0  (t)  •  4»»  *Jt± 

fc  % 


(TT 


W»*V<TJ 


CMMtMH  ty  *r 

m4  n***e  1 


Vm,u‘W?nS 


teiiot  in 
******  ta 
blixu  • 
**4  fife*  1. 


Total  rotational  motion  of  the 
rudder  about  the  a-axia. 

Total  rotational  motion  of  tha 
tv***?  about  the  x-axis. 


Total  translational  motion  of 
the  rudder  along  the  y-*xi». 


Total  translational  motion  of 
the  rudder  along  tha  y-axie- 


Logarithmic  decrement  of 
y(t)  motion- 


Logarithmic  decrement  of 
o(i)  motion. 


Logarithmic  decrement  of 
efl)  motion 


Logarithmic  decrement  of 
v(t)  motion. 


Logarithmic  decrement  of 
the  total  recorded  mot<on  at 
the  MUl  petition 


Contribution  of  th*  ift)  motion 
ot  th*  hull  to  the  Intel  recorded 
motion  of  th#  control  surface. 


Contribution  of  th*  eft)  motion 
ot  the  hull  to  the  total  recorded 
motion  of  the  control  eurfec* 

Displacement  of  center  of  mat* 
of  th*  rudder  duo  to  the  coupled 
torsion  *hort  cental  'bending 
motion*  of  the  bolt.  The  roe* 

In  button  of  y  ft)  to  d  ft)  t* 

%  R*H 

the  present  application  ha*  been 
neglected.  See  Equation  [»•(♦) 
and  footnote  t*  Append!*  C  The 
more  general  eepreesion  l*  given 
by  Equation  l  S*i 41- 


Appendix  A 
Appendix  A 

Appendix  A 

Appendix  A 

Appendix  C 


Appendix  C 


Appendix  C 


Appendix  C 


Appendix  C 


Appendix  B 


Appendix  B 


Appendix  B 
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Table  1  (Cont'd) 


NUMBER  I  EQUATION 


U  I  5 


■«  ’  •{[ivvV'“b],.v,,J 


12*  * 


l  h'Vvi'^.H]  J 

{  [lC  (d  *K  d  )-d  1  X 

_1  J  l  5  4  6  a  R-hJ  ] 

V°#e  1  f^MiT  *1  9  f 

V.  I  5  4  6  8  R-hJ  t«l  4qr  J 

o 

,  f[V^‘LMVxMyb,]«.,.  ) 
mod‘,U‘’,O,‘\tVWU*LMS*\4V]«.«0.,r/ 


M(  modal) 


CCmTANTS*  I  DEFINITION  AND  REMARKS  I  SOURCE 


Logarithmic  decrement  of  the  Appendix  C 
rotational  motion  of  the  rudder 
relative  to  the  hrll  about  the 
*-exls.  y  computed  in 

D 

accordance  with  the  procedure 
of  Appendix  B. 

Logarithmic  decrement  of  the  Appendix  C 

rotational  motion  of  the  rudder 

relative  to  the  hull  about  the 

x>axla.  computed  in 

accordance  with  the  procedure 

of  Appendix  B- 


Logarithmic  decrement  of  the 
translational  motion  of  the 
rudder  rotative  to  the  hull 
along  the  y  -  ext  a . 


Logarithmic  decrement  of  the 
Iranelational  motion  of  the 
rudder  relative  to  the  hull 
along  the  y-ajde . 


Conetante  L  ,  Logarithmic  decrement  of  the 
M  relative  dieplacement  between 
XM‘  “*  rudder  and  hull  at  the  M* 


Append  Uee  B 

and  C. 


location.  Note  that  the  term 
XM»b  wae  considered  negligi¬ 
ble  in  the  present  application. 


Appendix  C 


Appendix  C 


Appendixes  B 
and  C 


ICR 

14  C  tvW*h,Vbyf ‘V®!*’1 


All  constant!  Damping  constant  associated 

art  defined  in  with  the  motion  o f  the  rudder 
Appendix  B  or  along  the  y-direction. 

in  Notation- 


r‘m  ■  ■  ■  .! - ...  .  |  ■*  [V  ••  \*Zy .M*  1  All  cons  tents  Damping  constant  associated 

*T| l  *  1  J  are  defined  in  with  the  motion  of  the  rudder 

Appendix  B  or  about  the  a -axis. 
r  /  2  w  in  Notation. 
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Approximated  form  of  Equation  Appendix  D 

DO  where  it  Is  assumed  that 

r2*YW°“" 

Discussion). 


Approximated  form  of  Equation  Appendix  D 

Cil)  where  It  Is  assumed  that 
y  t#  iy  *y  «a  ■«  «o 
2  2  Tbl  62  62  62 

(see  Discussion). 
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NUMBER  EQUATION 


*  Values  for  parameters  l  and  the  effective  lengths  of  stock  for  bending  and  torsion,  respectively,  are  computed  by  extrapolation 


ASSOCIATED 

CONSTANTS 

DEFINITION  AND  REMARKS 

SOURCE 

Virtual  mass  of  rudder  in  trans¬ 
lation.  All  terms  defined  in 
Appendix  E 

Appendix  E 

|  *  >2.  IT  ft/eec* 

Virtual  maos  of  rudder  in  trans¬ 

Ref.  IS.  Ref.  4. 

i 

f*  64  15  Ib/ft 

x  *  mean  chord 
of  rudder 

t 

x  •  mean  vertical 
height  of  rudder 

lation. 

Rtf.  S(43) 

y  «  mean  width  of 

Virtual  mass  moment  of  inertia 

R*l.  IS.  Ref.  4 

rudder  in  y-dir- 

of  rudder  about  a -axis  with 

(Table  4). 

ection.  r  defined 

origin  as  the  center  of  mass  of 

Appendix  E 

in  Appendix  E. 

the  rudder  in  water. 

s  defined  in 

Virtual  mass  moment  of  inertia 

Ref.  IS.  Ref.  4 

Appendix  E. 

of  rudder  about  x-axie  with 

(Teble  4). 

origin  at  the  center  of  mass  of 
the  rudder  in  water. 

Appendix  E 
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Table  2 


Teat  Remits  for  A1BAC0RE  and  SAMPSON 


OSS  AL8AC0RE  (AOSS  569) 
1.  RUDDER  (a) 


MEASURED  FREQUENCIES  (cpe) 

In  Air 

In  Water 

20. 1 

13.0  (predominant) 

24.  5  (predominant) 

45 

US 

*0 

»? 

(b> 


LOGARITHMIC  DECREMENTS 


In  Air  (24.  5  epe) 

In  Water  (13  0  tpa) 

EQUATION 

NUMBER* 

DECREMENT** 

VALUE 

PERCENT  DEVIATION 
FROM  AVERAGE 

VALUE 

PERCENT  DEVIATION 
FROM  AVERAGE 

4 

V 

0.0524 

•2)  4 

0.0432 

•  20. » 

3 

». 

0. 04TI 

•  2  0 

0.04)4 

22  3 

be 

0.0TM 

•  10.* 

O.  1212 

•  0.  1 

ir 

Vedal 

0.0TSJ 

•14-5 

0.  ITIT 

.42  5 

average 

0  04*4 

•  12.  1 

012*3 

•21  3 

*h<  Table  I  Nauuoe 


isL 


EQUATION 

NUMBER* 

In  Air  (24.  3-<pe) 

In  Water  (It  O-cpe) 

14 

C  *  0,  3241  K*n-eet(t 

C  »  1. 142*  ton  aet'lt 

IT 

t  *  12 144  It- ten -eat 

QUANTITY 

SOURCE 

QUANTITY 

m^*0.  Ml  I  un  eate  n 

Rale  reate  4.  Table  4 

Rate  rent#  4.  Table  4 

Ship  Plena 

Rele rente  4.  Table  4 

a  ■>  2"  *  24  3  *ec 

Table  2a 

a  ♦  2*  a  t  .1. 0  eet  * 1 

Table  2a 

QBQ8S3IBHHIIi 

E  apart  mental 
Data 

•  jTy,  <  *0-  44)1 

EMSSEM 

*  .  0.0T3* 

*  _ _ _ _ 

Table  2b 

I,  *  0. 1214 

Table  2b 

1 aUiBB 

Table  2b 

Table  2b 

[  *St#  T*fcU  1  **Wt  Hw Utloni  ’  j 

in 


•See  Table  I 


••See  Natation 
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RUODER 


Figure  1,  Location  of  Gages  and  Identification  Figure  2,  Gage  Locations  and  Orientations 

of  Displacements  of  Rudder-Slock-Hull  for  Determining  Hull  Motions, 

System, 
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Figure  3a  -  Recording  System  lor  Rudder  Vibration  Trials  of  ALBACORE 
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SAN00RN  SANBORN 
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. . 1 
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SANBORN 

67  330  DC 


VW=^“! 

V  SIGNAL 


fllTEREO 

’’  \  A/vw  - 

J  SIGNAL 


NOTE  INPUT  TG  TAPE  DECK  IS  SAME  AS  THAT  FOR  ALBACORE 


Figure  )b  •  Data  Analysis  for  Rudder  Vibration  Trials  of  SAMPSON 


Figure  3,  Recording  and  Analysis  Systems. 
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SCALE  qf  transverse  acceleration 

(RELATIVE  TO  EASE  NO. 2) 


Figure  4.  Portion  of  Oscillogram  Record 

<2  Channels  of  12)  From  ALBACORE 
Rudder  Vibration  Tests. 


RECORD  NO.  I  mO)  ♦* 


Figure  S.  Displacements  df  Normalized  to 

Gage  2  for  2  Records  from  SAMPSON 
Rudder  Vibration  Tests. 


Figure  6«,  Total  Recorded  Signal 


Figure  6b.  Filtered  Signal  (2.18'cps) 


Figure  6.  Sample  of  Accelerometer  Data  Obtained  From  One 
Channel  of  SAMPSON  Tests. 
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Figure  7a,  Location  of  Gages  Used  to 

Record  Rudder  Stock  Motions, 


X 


1 FOR  TORSION.  RUOOER 


r 


i 


ksrocxd 


i¥7=z 


NOTE:  (V  IS  DISFIACED  FROM  TOP  OF  STOCK  IN  THIS 
FIGURE  TO  IKGICATE  RUDDER  RUDDER 
ATTACHMENT  IS  NECESSARILY  AT  TOP 
OF  RUDDER 


22*2  222222222;  22222222 


®o' 

Xa-M. 


IS  ASSUMED  FIXED 
ALONG  THIS  LINE 


IS  ASSUMED  FIXED 
ALONG  THIS  LINE 


9  \ 


K 

■  N 


!♦—  h 

RUDDER 


@  EFFECTIVE  POINT  OF  ATTACHMENT  OF  RUOOER 
TO  RUDDER  STOCK  AT  O'  •dl.O.k) 

@  CALCULATED  LOCATION  OF  CENTER  OF  MASS 

10. 0. 0) 


Figure  7b,  Rudder  Axes 

Figure  7,  Rudder  Coordinates  and  Locations  of  Gagea, 


Figure  9, 


Figure  8 


Curve  for  Determination  of  Effective 
Length  of  Stock  for  Bending  Motion, 
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Curve  for  Determination  of 
Effective  Length  of  Stock  for 
Rotational  Motion  (Torsion), 


NOTE  1:  THE  TIQUHI  DOES  NOT  SHOW  THE  V  DENNOENCV 
(SEE  EQUATIONS  11111-1111)1 
NOTE  1:  lM>ON<tH 


Figure  to. 


Motion  of  Hull  and  Rudder,  with  No  Relative  Motion 
Between  Rudder  and  Hull, 


Figure  It,  Sinusoidal  Wave  Form  Showing  Decay  due  to  Viscous  Daaptng, 
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DAMPING  OF  A  CIRCULAR  RING  SEGMENT  BY  A  CONSTRAINED  VISCOELASTIC  LAYER 


Cpt.  C.  R.  Almy 
U.S,  Army  Electronics  Command 
Ft.  Monmouth,  New  Jersey 

and 


F.  C.  Nelson 

Department  of  Mechanical  Engineering 
Tufts  University,  Medford,  Mass. 


An  analytical  study  has  been  made  of  the  variation  of  the  composite  loss 
factor  with  opening  angle  and  shear  stiffness  of  the  viscoelastic  layer 
for  a  constrained  viscoelastic  layer  on  a  circular  ring  segment.  There 
is  evidence  that  optimum  damping  of  a  curved  beam  requires  a  suffer 
viscoelastic  layer  than  the  corresponding  straight  beam. 


Constrained  viscoelastic  layers  are  effec¬ 
tive  in  augmenting  the  damping  of  beams  and 
plates  and  many  investigators  have  developed 
means  of  predicting  the  extent  of  the  damping 
augmentation  in  these  structures.  Considerably 
less  work  is  available  on  predicting  the  damping 
augmentation  due  to  a  constrained  viscoelastic 
layer  on  a  curved  structure.  This  paper  reports 
results  of  an  analytical  study  of  the  damping  in¬ 
duced  in  a  circular  ring  segment  by  a  constrained 
viscoelastic  layer  and  how  this  damping  varies 
with  the  shear  stiffness  of  the  viscoelastic  layer 
and  the  ring  opening  angle. 

The  geometry  of  Inlerost  and  the  notation 
used  aro  shown  in  Figure  l .  As  Indicated  in  the 
figure,  the  ring  segment  ends  are  simply  sup¬ 
ported  at  the  centroid  of  tho  main  elastic  beam 
and,  in  addition,  restrained  against  tangential 
motion  at  that  point. 

Tho  in-planc  vibration  at  the  fundamental, 
symmetric  natural  frequency  and  its  correspond¬ 
ing  composiij  loss  factor  have  been  calculated 
under  the  following  assumptions. 

(11  Tho  system  is  lightly  enough 
damped  to  permit  tho  froquency 
to  be  computed  via  the  Rayloigh- 
Rit*  procedure  and  the  composite 
loss  factor  by 

v  v  V  U4  +  UI  <l> 

where 


Uj  •  peak  flexural  energy  of  curved  main 
beam 

U2  ■  peak  extenslonal  energy  of  curved 
main  beam 

Ug  *  peak  shear  energy  of  viscoelastic 
layer 

U^  ■  peak  flexural  energy  of  constraining 
layer 

Uj  ■  peak  extenslonal  energy  of 
constraining  layor 

$  «  shear  loss  factor  of  viscoelastic 
material 


MAIN  tUSTIC  KU 

um*  •) 
viKotutnt 


Tig.  l.  Geometry  of  Thin,  Uniform  Circular  Ring 
Segment  with  Constrained  Viscoelastic  Layer 


Preceding  page  Hmk 


In  equation  (I)  it  is  assumed  that 
all  the  energy  dissipated  is  dis¬ 
sipated  in  the  viscoelastic  layer 
and,  further,  that  it  is  dissipated 
by  simple  shear.  This  latter  as¬ 
sumption  is  equivalent  to  assuming 
that  the  viscoelastic  material  is 
soft  enough  to  Justify  ignoring  the 
effects  of  direct  stress.  If  direct 
stress  effects  are  ignored,  the 
shear  deformation  will  be  uniform 
through  the  thickness  of  the  visco¬ 
elastic  layer. 

(2)  Deformation  in  the  radial  direction 
is  neglected  so  that  at  a  given 
cross  section 

W  *  Wj  «  Wj,  *  Wj 

(3)  There  is  no  shear  deformation  in 
the  elastic  layers.  Rotary  inertia 

is  neglected  in  all  layers.  As  such, 
the  elastic  members  behave  as 
curved  Bemoulli-Euler  beams;  how¬ 
ever,  the  extensional  bending 
theory  of  such  beams  is  used.  This 
point  is  important  because  it  can 
be  shown  by  comparison  that  using 
the  simpler,  but  more  restrictive, 
lnextonsional  bending  theory  results 
in  a  significant  reduction  in  the 
shear  energy  of  the  viscoolastic 
layer. 

(4)  There  is  no  tangential  slip  between 
tho  layers. 


The  implications  of  these  assumptions  are  em¬ 
bodied  in  Ttqure  2.  From  this  figure,  it  is  clear 
that  th«ro  must  be  compatibility  relations  among 
the  v's  and  the  Using  the  figure,  we 

can  write  those  rotations  as 


V2  “  V1  +  hl*l  '  h2*2 


(2) 


and 


W  ht*l  *  2h2  V  h3*3  0) 


where  from  the 
beams 


extensional  theory  of 

V_l_  dw 
Rj  dO 


curved 


* 


2 


R2  Rj  dO 


the  viscoelastic  layer,  to  give  v  in  terms  of 

V1 '  v2 '  v3  aRr  w  *  ^or  t^>e  ®Pecia*  ca,e  a 
flat  composite  beam,  i.e.,  R^  R^,  Rj  —  •  , 
the  expression  for  <&  reduces  to  the  standard  one, 
for  examp. a  that  of  reference  [  1  ] . 


The  appropriate  peak  strain  energy  ex¬ 
pressions  are 


U. 


.Vi 

2R,3 


f'* 


dv.  2 

+jr ~  )  dO 
d0 


(4' 


Vi 


f  dv  * 

2Rj  l  [w  "  dO-  ^  d° 


(5) 


a  mh  +  ±2* 

3  "  R  R  dO  r  i.  2.  Before  and  After  CgnflVtwuWbft  of  an 

3  3  Element  of  the  Composite  Circular 

Equation  (3)  can  be  solved  for  <i> ,  the  sh<*ar  in  Ring  Segment 
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In  these  expressions 

Ej  *  Young's  modulus  for  layer  1 
G2  »  shear  storage  modulus  for  layer  2 
Ij  ■  area  moment  of  inertia  for  layer  i 
Aj  *  area  of  layer  i 
Rj  ■  radius  of  layer  1 

The  expressions  for  reduced  kinetic  energy  are 

?.  »^L/lw2  +  v.2Jde,i.l.2,3  (9) 

1  *  0 

where 

Pj  *  mass  per  unit  arc  length  of  layer  i 

Clearly,  if  we  can  find  expressions  for  the  dis¬ 
placements  w,  Vj,  v2,  Vj  and  which  satisfy 

the  boundary  conditions  and  the  compatibility 
conditions,  equations  (1)  and  (2),  we  can  use 
them  in  equations  (4)  -  (8)  to  evaluate  the  ener¬ 
gies  and  then  compute  the  composite  loss  factor 
from  equation  (1).  In  addition,  we  could  sub¬ 
stitute  those  displacement  expressions  into 
equation  (9)  and  determine  the  natural  frequencies 
by  Rayleigh's  Principle. 

The  necessary  steps  to  reach  these  goals 


are  too  lengthy  to  detail  here;  we  shall  only 
outline  the  procedure.  Limiting  ourselves  to 
radial  deformations  that  are  symmetric  about  the 
midpoint  of  the  ring  segment,  we  choose 


V  .  nee 

a  sin  -5- 

n»l,3,5...  n 

(10) 

V  .  nt»8 

Z.  b  cos  -gr 

n  >0 , 1 , 3 ,  S . . .  n 

(11) 

V  neO 

2.  ccosT 

n»0,l,3,5... 

(12) 

The  compatibility  conditions  can  be  used  to 
eliminate  the  variables  v2  and  &  in  terms  of 
w,  Vj  and  v3.  These  expansions  can  be  sub¬ 
stituted  into  the  energy  expressions  to  obtain 

U  »  f  (a  ,  b  ,  c  ),  etc. 
i  n  n  n 

The  energy  expressions  can  in  tum  be  substituted 
into  the  RayleiglHUtst  energy  function 

XU,  -  w2T  .  (13) 

1 

Extrema lisation  of  this  energy  function  will  yield 
the  natural  frequencies  and  tho  values  of  the 
a  *8,  b  's  and  c  ‘s  corresponding  to  tho  natural 
iri&de  slftipos.  vftth  these  mode  shapes,  the 


Tig.  3.  Variation  of  Composite  Loss  factor  (a)  with  Shear  Parameter  Cl)  and  Opening  Angle  {«  ) 
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composite  loss  factor  can  be  determined 

One  complication  should  not  be  glossed 
over  even  in  a  brief  outline.  The  expansions 
(10),  (11)  and  (12)  do  not  satisfy  all  the  geomet¬ 
ric  boundary  conditions.  In  order  to  satisfy 
v.  (0)  ■  v  (a)  *  0,  we  must  have 

I  b  -0  (14) 

n«0,l,3,5, . . 

Thus  (13)  must  be  extremalized  subject  to  the 
constraint  offered  by  (14).  An  effective  tech¬ 
nique  to  accomplish  such  constrained  extremall- 
zation  is  with  a  I.agrangian  multiplier  (the 
technique  for  circular  ring  segments  is  described 
in  reference  ( 2  )  .)  We  shall  omit  completely  a 
discussion  of  the  means  for  efficient  computer 
manipulation  and  solution  of  the  natural 
frequencies,  mode  shapes  and  loss  factors. 

The  result  of  performing  all  these  compu¬ 
tations  for  a  specific  geometric  configuration 
is  given  in  figure  3.  In  this  figure,  the 
composite  loss  factor,  g  ,  is  plotted  against  the 
opening  angle  of  tho  ring  sogmont,  o  ,  and  the 
shear  parameter  R,  where 

cwt2 

R  -  ^ -  l  AE  +  AE  I 

*2  Vl  j  E3 

with 

W  «  width  (same  for  all  layers) 

l.  •  developed  length  (same  for  all  levers) 

The  specific  geometry  u  the  same  as  that  used 
by  Nokes  in  reference  (3j  for  a  straight  beam 
and  is  reDoetcd  in  Table  l . 


TABLE  1 

Layer 

i 

* 

3 

Thickness 

O.TiS* 

0.0S0* 

0,031 

Width 

1* 

I* 

l* 

Material 

Steel 

*. 

Steol 

Developed  Length 

20* 

20* 

20- 

R  ts  varied  by  allowing  C? 

to  vary, 

The 

material  loss  factor  ts  assumed  constant  at 
fl-  l  . 

for  *•  0  (straight  beam)  the  results  of 
figure  3  agree  with  those  of  Noke*  when  the 
slightly  different  boundary  conditions  are  taken 
into  account.  As  figure  3  also  shows,  the 
straight  beam  peak  m  loss  factor  at  R  *  < 
disappears  quickly  with  increasing  opening 
angle:  in  (act,  it  has  disappeared  completely 
when  a  reaches  a  value  of  only  10°.  However, 
it  is  interesting  to  note  that  fo i>»  10°  another 
peak  in  damping  occurs  at  a  larger  value  of  R; 
for  the  geometry  considered,  this  new  peak  is 
at  R  *  30.  On  this  basis,  one  would  expect 
that  maximum  damping  of  a  deep,  curved 


structure  would  require  a  stlffer  viscoelastic 
material  than  that  for  the  corresponding  straight 
beam. 

The  distribution  of  energy  among  flexure, 
extension  and  shear  in  the  three  layers  has  also 
been  studied.  The  peaks  and  valleys  in  the  loss 
factor  surface  of  figure  3  can  be  shown  to 
coincide  with  shifts  in  the  partition  of  energy 
in  the  main  beam.  The  valleys  correspond  to 
most  of  the  energ,  being  m  extension  of  the 
main  beam;  the  peaks  correspond  to  most  of  the 
energy  being  in  flexure  of  the  main  beam. 

This  work  is  continuing  and,  in  particular, 
It  is  hoped  to  verify  the  analytical  prediction 
with  experimental  measurements, 
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DYNAMIC  ANALYSIS  OF  THE  RUNAWAY  ESCAPEMENT  MECHANISM 


Gene  W.  Hemp 

Department  of  Engineering 
Science  and  Mechanics 
University  of  Florida 
Gainesville,  Florida 


A  mathematical  model  is  developed  for  the  nonlinear  damping 
of  the  runaway  escapement  mechanism.  A  kinematics  study  develops 
expressions  for  the  effective  linkage  ratios  between  the  driving 
(starwheel)  and  driven  (pallet  assembly)  members  of  the  escape¬ 
ment  for  both  entrance  and  exit  engagements.  The  kinetics  of  the 
escapement  action  accounts  for  six  phases  of  motion  during  one 
complete  cycle  of  the  pallet  assembly  and  starwheel  encounter. 
Accounting  for  the  variability  of  the  linkage  ratios  for  the  first 
time  in  an  analytical  treatment,  an  expression  for  the  damping  of 
the  escapement  is  derived.  This  expression  is  used  to  predict  the 
behavior  of  a  centrifugally  driven  mechanism  for  which  experimental 
information  is  available.  For  steady  state  operation,  the  equation 
of  motion  for  such  units  is  solved  in  terms  of  elliptic  integrals 
of  the  first  kind. _ 


INTRODUCTION 

Mechanical  oscillating  mechanisms 
can  provide  a  reliable,  low-cost  meant 
of  introducing  damping  into  mechanical 
systems.  The  runaway  escaocmcnt  nenh- 
aniam  has  been  used  extensively  in 
ordnance  applications  to  provide  s 
safety  and  arming  function.  In  order  to 
better  understand  the  operation  of  such 
units  and  subsequently  provide  an 
analytics!  means  of  design,  several 
studies  have  been  made  on  various  types 
of  swchantsms  11-61. 

The  runaway  escapement  mechanism 
consists  of  two  principal  unilst 
(1)  the  starwheel  shown  in  part  on  the 
right  in  Figure  1.  and  (2)  the  pallet 
assembly  shown  on  the  left.  The  star- 
wheel  is  pinned  at  its  geometrical 
center  and  is  driven  by  a  torque  which 
is  assutaed  to  act  counterclockwise. 
Motion  of  the  starwhuei  is  impeded  by  a 
scries  of  impacts  between  pins  extending 
upward  from  the  pallet  and  the  faces  of 
the  starwheel  teeth.  The  pallet 
assembly  is  pivoted  at  such  a  distance 
from  the  starwheel  pivot  that  a  pallet 
pin  may  strike  a  face  of  a  starwheel 
tooth,  slide  along  it  and  leave  that 
tooth  allowing  the  starwheel  to  be  free 
to  accelerate  until  it  encounters  the 
other  pallet  p:  .  at  another  tooth  face 
Of  the  starwheel  -  usually  one  or  two 


removed  from  tho  previous  tooth  in  con¬ 
tact.  In  addition  to  the  energy  ioat  in 
the  impacts,  there  Is  the  pallet 
assembly  inertia  for  the  driving  torque 
to  overcome  while  the  pins  are  in  con¬ 
tact  with  the  starwheel.  The  result  is 
a  reduction  in  the  rate  of  rotation  of 
the  starwheel. 


KINEMATICS 

Figure  1  shows  the  general  con¬ 
figuration  for  the  upper  (entrance) 
pallet  pin  In  contact  with  the  front 
face  of  a  starwheel  tooth.  During  this 
phase  of  the  encounter  between  the  two 
assemblies,  the  pallet  is  accelerated  in 
the  counterclockwise  direction.  The 
next  contact,  between  the  lower  (exit) 
pallet  pin  and  a  starwheel  face,  accel¬ 
erates  the  pallet  in  the  clockwise 
sense. 

An  important  quantity  during  the 
engaged  motion  is  the  ratio  of  angular 
velocities  of  the  pallet  and  starwheel 
or  the  effective  linkage  ratio.  This  IS 
the  ratio  of  the  moment  arms  of  the 
no  trial  force  between  the  pallet  pin  and 
a  starwheel  tooth  face  about  the  pivots 
of  the  starwheel  and  pallet  respectively. 
The  kinematic  condition  arises  from  the 
requirement  that  the  pallet  pins  slid* 
along  a  tooth  face  while  in  contact. 


US 


Fig.  1  SCHEMATIC  OF  HUHAWAY  ESCAPEMEMT  MKCMAHISM 


Fro®  s  geometrical  Analysis  the 
follow* ng  expression  is  found  for  the 
effective  linkage  ratio  during  the 
entrance  engagement. 


w  «  i  .  dl  »  ^  .  1  .  Oeoaf*-t»ttl 

Ht*  *  l  •  a*  *< 1  T£~nrr  {i) 


where 

«  l0*-(O  sin i o  — « i  - 

-  H  sin*  -ri  *3 ' 
and  for  the  exit  engagement 


12) 


’tt 


. .  i . .  ft  -  i s* . 


* 


where 

A^xt«>  •  t*J-l&sin(4-t»X,V>  - 

-A  sinv-r) 1 )  ^  14) 


The  position  of  the  pallet  during 
engaged  motion  may  he  determined  by 
geometric  analysis  or  integration  of  (1) 
and  (J).  The  resulting  expression  for 
the  entrance  engagement  is 


j  ti) 


j  *  e-f-sin 
and  for  the  exit  engagement 
4  «  'J-tsK.’,#  t-f  • 


It  is  necessary  to  determine  the 
range  of  values  for  e  for  which  there  is 
enusged  motion  and  f»r  v#>ich  »he  above 
relations  are  valid.  The  maxima#  dis¬ 
tance  a  pin  can  move  in  contact  with  a 
starwheel  tooth  face  is  W-r  where  w  is 
the  width  of  the  face  and  t  is  a  re¬ 
duction  in  this  length  due  to  the  finite 
radius  of  the  pallet  pin.  This  can  be 
shown  to  bet 


and  N  is  the  number  of  teeth  on  the 
siarwheel  spanned  by  the  pallet  pins. 
Figure. 1  shows  a  two  tooth  span,  but  it 
ia  ot  interest  to  retain  the  more 
general  expression.  The  above  expres¬ 
sions  allow  for  asymmetric  positioning 
of  the  pallet  pins. 


W-E  *  S  *'”(5)  csc(t*j)-r  coi(<«j)  (7} 

Generally,  the  length  of  engagement  will 
be  s nme  fraction  of  this  maximal  or 
P(V-Z)  where  OsFal. 
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Proa  Figure  1  the  initial  value 
of  is  found  to  be 

■  R  cosy-P(W-E)  * 

-  ApH(9)  -  D  cos (0-v)  (8) 

where  APN(0)  is  given  by  (2).  This 
equation  can  be  solved  for  0  as  a 
function  of  the  geometrical  parameters 
and  the  fraction  of  engagement,  P.  With 
0*P<1,  the  solution  0  ■  6^  corresponds 
to  the  initial  value  of  0  for  engaged 
motion  while  P  ■  0  yields  the  value 
9-02  which  corresponds  to  the  final 
value  for  engagement.  (The  assumption 
that  P  ■  0  corresponds  to  the  final 
engaged  position  is  equivalent  to  the 
assumption  that  the  pallet  pin  leaves 
the  starwheel  tooth  face  with  a  velocity 
tangent  to  the  face.) 

Prom  a  similar  analysis  of  the 
exit  engagement  one  finds 

A^to)  •  R  cosr-P(W-E)  «  -ApX(v)  - 

-D  cos(9-y*N.’)  (8) 

from  which  the  initial,  9,.  and  final, 
values  of  ft  may  be  obtained. 

expressions  (1),  (2)  and  (S!  are 
thus  valid  for  while  (1).  (41 

and  (6)  are  valid  for 


KINETICS 

Th-j  mathematical  model  considered 
here  has  six  phases  of  motion  (impact, 
coupled  cot  ion.  free  motion,  impact, 
coupled  motion,  free  motion)  during  one 
„:**plet«  cycle  of  the  pallet  assembly, 
i.e.  for  contact  between  the  starwheel 
and  both  of  the  pallet  pins. 

Ha }or  assusg.'tions  for  this  node  l 

aret 

1.  Friction  forces 

pallet  pins  and  starwheel 
to-tn  faces  are  neglected. 

2,  Impacts  between  pallet  pin* 
and  starwneel  tooth  facer  are 
assumed  perfectly  inelastic. 

J.  the  angular  velocities  of  the 
starwheel  and  pallet  are 
assumed  tero  at  the  beginning 
of  coupled  notion. 

The  third  assumption  greatly 
simplifies  the  later  mathematics  and 
over  estimates  the  amount  of  energy 
lost  at  each  impact.  The  first  and 
second  assumptions  neglect  energy  dis¬ 
sipating  mechanisms. 


A.  Governing  Equations  and  First 
Integrals 

Coupled  Motion.-  The  entrance 
pallet  pin  and  a  starwheel  face  are 
engaged. 


The  equations  of  motion  for  the 
starwheel  and  pallet  assembly  are  given 
by 


V  *  WwH(9>  *  °l<^e2 

XP«  *  FnW6>-TP  *  V**2  U0) 

where  F„  is  the  normal  force  between  the 
pin  and” the  starwheel,  ?§  ia  the  net 
driving  torque  applied  to  the  starwheel 
and  Tp  is  the  factional  torque  at  the 
pivot  of  the  pallet  assembly. 


The  normal  force,  Fu.  can  be 
eliminated  from  equations (10) .  Further¬ 
more.  using  the  kinematicai  constraint 
4  »  vNeji<8)  from  (U.  the  following 
equation  for  9  can  be  obtained: 


(l*M‘  (*>j)o  ♦  Is  . 


where 


TS  TP 

r!  *  i“  IW*» 


i. 


H*t9)  .  j£  K^(,» 
5 


(11) 


(12) 


Recognising  the  fact  that  ft  * 
and  that  1^-  H1  ((•)•!)  *  ^-■>***th® 
following  integral  can  be  obtained 

*•  *  cndhnr  * 


1 


where  assumption  1.  has  been  used  to 
eliminate  «j. 


Assuming  that  the  net  driving 
torque,  T*,  on  the  starwheel  and  the 
frictions?  torque,  Tp,  at  th*-  pallet 
pivot  are  constant  over  the  interval  of 
integration,  this  become* 


ttg  ft-*.  2T^  i-8 j 

TT  liiTTr,-  *  is" 


(14) 


*1**0  2 

where  use  has  been  made  of  the  relation 
di  *  from  (1) . 


lit 


The  angular  velocity  of  the 
pallet  during  this  phase  of  the  motion 
is  then  given  by 


.  2T-  <•-©. JH1 (6) 

i  2  „  5  I 

*  i; - !+«»(&> 


2Tp  (♦-♦I)H,(8) 

^7"  ~ l+U5  (6) 

*y4 


where  $  «  $(6)  is  defined  by  (S), 


(15) 


free  Motion.-  The  starwheel  and 
pallet  assembly  are  disengaged. 


After  the  entrance  pallet  pin 
leaves  the  tooth  face,  the  motions  are 
independent  until  the  exit  pallet  pin 
strikes  another  tooth  face. 


The  equations  of  motion  for  the 
two  units  during  this  phase  are: 


V*TS  • 


V  *  ‘TP  *  *2  *'*3 


(16) 


These  are  easily  integrated 
assuming  Tj  and  Tj>  are  constants  over 
the  range  of  integration.  These  first 
integrals  are: 


rrs 


<*-'V 


(H) 


*5 


it. 


(5*4.) 


4.-4-  5, 


on 


During  this  phase  of  free  emotion, 
the  atarvheel  accclerstea  due  to  'he 
drive  torque  whim  the  pallet  dec*,  ler* 
ale*  due  to  friction  losses  at  the 
pivot.  After  ae«e  finite  rotation  of 
each  unit,  the  exit,  pallet  pm  strikes 
the  face  of  another  starvheel  tooth  and 
the  units  begin  another  phase  of 
engaged  woiinn.  Stovcver.  the  pallet  is 
now  accelerated  in  the  clockwise  direc¬ 
tion.  The  value  of  J  for  which  this 
impact  occurs  correspond*  to  some  frac¬ 
tion  of  engagement  -  usually  around 
P  *  0.6.  (The  minimum  value  of  P  can 
be  calculated  by  f reefing  the  motion  of 
the  pallet  at  j  *  4j  and  allowing  the 
starwheel  to  rotate  until  the  exit  pm 
makes  contact-  Tor  typscal  values  for 
the  geometrical  value*  this  is  around 
P  *  O.S.j  The  correct  value  can  be 
determined  only  through  an  iterative 
process . 


Coupled  Motion.-  The  exit  pallet 
pin  and  a  starvheel  tooth  face  are 
engaged.  After  the  impact,  the  two 
units  begin  another  phase  of  engaged 
motion.  The  angular  velocities  are 
related  by 

*  "  "NEX<6)8  (19) 

and  the  equations  of  motion  are 

V  -  VF*f\x(e)  '  93<6<94 

(20) 

V  -  VVw(9)  '  *3***4 


Proceeding  as  in  the  previous 
phase  of  engaged  motion,  the  following 
first  integrals  are  obtained: 


2TS  0-03  2Tp  ♦-♦3 

ri^TeT  *  rs~  i^rnrr  * 


(21) 


and 


4 


te-t) j) X*  (9) 


♦ 


2Tp  («-<j)X5(9) 

V**4 


where 

r  (M  *  f-  h*^  (9)  (2i) 

and  J  *  4(9)  is  defined  by  (6).  The 
assumption  of  *cro  velfcltiep  at  the 
beginning  of  engaged  notion  ha*  elimi¬ 
nated  ^|‘ 

free  ,**Ptign .  *  The  exit  pin 
slides  atong  tStT  starvheel  tooth  face 
unt:4  the  two  units  because  engaged. 


The  equations  of  notion  for  this 
phase  of  the  l*Pl:on  are 


V  -  Ts 

5  pi  •  Tp 


6  -  ft  ,  o 

4  5 


*4‘»  *S 


which  may  fee  integrated  to  yield 

?>  ‘  *i  •  r*  ‘-‘V  •  V*-*s 


(24) 
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#  *  *4  *  *4J  •  S4  J  >5S 
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At  the  end  of  this  phase  of 
motion,  the  entrance  pallet  pin  impacts 
with  another  starvheel  tooth.  The 
fraction  of  engagement  P  is  again  un¬ 
known. 


It  is  assumed  that  after  some 
transient  period,  there  will  exist  a 
steady  state  motion  that  will  repeat 
itself,  i.e.  6.  *  ♦  A  and 

This  is  verified  by  experimental 
evidence. 


B,  Damping  Due  to  the  Escapement 
Mechanism 

The  damping  torque  exerted  by 
the  pallet  assembly-starvheel  combina¬ 
tion  on  any  mechanism  with  which  it  is 
used  may  be  determined  by  solving  for 
T_»  the  torque  required  to  drive  the 
sys *em . 

In  each  of  the  coupled  and  free 
motion  phase#  it  has  been  possible  to 
obtain  an  expression  of  thu  form  {See 
(14) ,  (17),  (21)  and  (251) 

Tj.  «  C(0)SJ  ♦  TpB ( 0 }  (27) 

Use  of  these  equations  to  express 
the  damping  would  be  unmanageable  in 
practice  since  there  is  generally  a 
large  number  of  complete  encounter# 
which  must  w»  considered  in  applica¬ 
tions. 

It  is  proposed  to  replace  these 
expressions  for  the  retarding  torque  by 
a  similar  expression  with  average,  con¬ 
stant  coefficients  Cj-  and  Bg.  (Experi¬ 
mental  evidence  also  styows  that  the 
aver  aye  running  rate,  e,  lx  proport  io-ia  l 
to  tv*/'2).  Such  *n  expression  would  he 
valid  for  the  entire  motions 

Ts  »  Ctr  ♦  TpBg  (21) 

In  order  tc  determine  the  psopef 
values  for  Cg  and  By  It  la  necessary  to 
Calculate  the  mean  square  angular 
velocity  of  the  starvheel  lor  one  Com¬ 
plete  encounter: 

4: 

*  <r4rj  «2») 


where  the  range  Of  integration  is 
divided  into  the  lour  intervals 
corresponding  to  the  engaged  and  free 
phases  of  the  motion.  The  integrands 
are  given  for  each  of  the  integrals  by 
(14),  (17),  (21)  and  12$)  respectively. 


The  integrations  for  the  free 
motion  phases  are  easily  performed. 
However,  the  complexity  of  the  inte¬ 
grands  given  by  (14)  and  (21)  .squire 
the  integrals  to  be  approximated.  Since 
6-83,  8,«8<e2  and  8-63,  8j<8<.e.  are 
small  quantities,  the  integrands  can  be 
expanded  in  Taylor  series  in  8-83  and 
8-83  respectively  and  the  series  inte¬ 
grated  terra  by  term.  (Calculations  for 
typical  mechanisms  indicate  that  reten¬ 
tion  of  quadratic  terns  in  6-81  etc. 
yields  951  or  better  accuracy  for  the 
integration. ) 


Porforming^these  operations  the 
expression  for  O’  is  found  to  be: 


2TS 

r*  VW-W 
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2Tp 

-  j—  Gj  (9j 
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.  .  it'vv'/.  *ww\. 
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3  3 


*  - — fnq- 

*  strati p  \l  ■  ■'■mvs 

(os**>4) 


. -“T»ky 


T  \ 


(31 ) 


and 


(32) 


where  prir>e*  denote  differentiation 
with  respect  to  '• . 
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Solving  (30)  for  Tfi  and  comparing 
this  expression  with  that°obtained  by 
integration  of  (28)  with  respect  to  0 
over  the  same  range,  the  following 
definitions  are  obtained: 


cs  -  V2Gi 


BE  -  VGi 


(33) 


The  amount  of  retardation  exerted 
by  the  pallet'  assembly  and  starwheel  is 
seen  to  depend  on  the  fraction  of  en¬ 
gagement,  P,  through  0j_  and  03  and  on 
the  geometrical  and  inertial  properties 
of  the  units  through  H(0),  X(0)  and 
?  (6)  . 

It  should  be  noted  that  the 
quantities  1+H2  (0)  and  1+X 2 ( 0 )  as  well 
as  the  derivative  of  each  with  respect 
to  0  are  important  in  the  damping.  An 
increase  in  any  of  these  quantities  will 
cause  the  damping  to  increase.  These 
cannot  be  arbitrarily  increased  how¬ 
ever.  Further  analysis  including  the 
effect  of  friction  forces  between  the 
pallet  pins  and  starwheel  faces  shows 
that  the  drive  torque  may  not  be  large 
enough  to  initiate  motion  if  they  are 
too  large  [6], 

Th>:  expressions  for  the  damping 
coefficients  and  effective  linkage 
ratioB  have  been  used  to  examine  the 
sensitivity  of  these  quantities  to 
variations  in  the  geometrical  parame¬ 
ter.  The  range  of  variation  was 
limited  *  manufacturing  tolerances  for 
existing  mechanisms.  All  quantities 
wore  foun:’  to  bo  mor..-  sensitive  to 
changes  in  the  pallet  pin  locations 
(Q  and  S)  than  the  other  geometrical 
parameters.  The  half  angle,  y,  of  the 
starwheel  tooth  was  the  next  most 
sensitive  parameter. 

Figure  2  shows  calculated  values 
for  Cr  and  as  e  function  of  the 
fraction  of  engaged  motion,  P,  over  the 
entire  theoretical  range  0* l'<  1 . 0 .  For 
a  steady  stato  operation  of  the  mecha¬ 
nism,  the  fraction  of  engagement  is 
constant.  I.t  .ercst  is  therefore 
centered  on  one  valus  uach  for  CE  and 
Bg  at  that  value  of  P.  Values  shown 
in  Figure  2  are  for  the  lunaway  escape¬ 
ment  mechanism  contained  in  the  M125A1 
booster  safety  and  aiming  mcchanisM 
(B  i  A)  currently  in  use  in  ordnance 
applications.  (5j 


Fig.  2  DAMPING  COEFFICIENTS 

KINETICS  OF  A  SAFETY  AND  ARMING  MECHA¬ 
NISM 


In  order  to  evaluate  the  proposed 
mathematical  model  for  the  damping 
action  of  the  runaway  escapement  it  is 
necessary  to  predict  the  operating 
behavior  of  a  unit  containing  the 
escapement,  investigate  the  behavior 
experimentally,  end  compare  the  pre¬ 
dicted  and  measured  values  defining 
this  behavior.  The  M125A1  CtA  was 
chosen  for  this  task.  The  quantities 
to  be  compared  are  the  time-to-arw  and 
turns-to-arm  where  the  latter  is  the 
product  of  the  former  and  the  spin  speed 
of  the  entire  StA. 

This  unit  has  a  spin-driven  rotor 
assembly  (the  rotor  is  pivoted  about  an 
axis  not  passing  through  its  center  of 
mass),  the  motion  of  which  is  retarded 
by  a  runaway  cscapoment  mechanism 
connected  to  the  rotor  through  a  gear 
train,  fhe  equation  of  motion  for  the 
rotor  bus  boon  shown  to  be  (5) 

♦  Pj  +  +  -'E  «  M  (34) 

whore  M  is  tho  rotor  driving  torque,  R 
is  the  inertial  rosistanco  of  the  gear1 
train  and  starwheel,  Rp  is  the  friction¬ 
al  resistance  of  tho  gear  train,  and  it 
is  tho  displacement  of  tho  rotor.  R 

ti 
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(42) 


is  the  resistance  due  to  the  escapement 
action.  It  is  the  previously  obtained 
damping  torque  multiplied  by  the  net 
gear  ratio  for  the  gear  train  including 
an  estimate  of  the  efficiency  of  meshing 
action  of  the  gears.  It  can  be  shown 
that 

Rj.  =  Cii2  (35) 

where  C  is  proportional  to  the  damping 
coefficient  C^,. 

After  a  short  transient  phase 
(compared  with  the  total  running  time) , 
the  angular  acceleration  of  the  rotor 
becomes  quite  small  and  may  be  neglected 
without  substantial  error  [5] .  Equation 
(34)  may  be  written  as 

Cip2  =  n2 (a  sin’l  -  y(F+B))-M0  (36) 

where  n  is  the  spin  speed  of  the  S&A,  B 
is  proportional  to  BE,  F  is  related  to 
the  frictional  resistance  torque,  Rp, 

M0  is  the  torque  required  to  initiate 
motion  of  the  rotor,  p  is  the  coeffi¬ 
cient  of  friction  at  the  pivots  and  A 
is  related  to  the  moment  arm  for  the 
driving  torque.  (For  details  of  the 
derivation  of  these  equations  and 
definition  of  the  above  constants  see 
[5-6].) 


Define 

sinifi  *  l-2k2  sin28 
where 

p (F+B)n2  +  M 


k' 


1 

I 


An2 


(37) 


(38) 


obtain 

(»)' 

where 


0<k2<l 

Using  (37)  in  (36),  one  can 

1  -  k2  sin2  8 


,  .  .  n*A 

1  "  V5c- 


(39) 


(40) 


Equation  (39)  may  bo  integrated 
to  yiold 


t-t0  -  K (8 ,k)  -  K(60,k) 


(41) 


where  K(8,k)  is  the  Jacobian  elliptic 
integral  of  the  first  kind  [7] . 

Using  (40)  and  assuming  i  ■  0 
at  8  *  8Q,  one  can  obtain 


t  “  t  ^F(K'S,k>  -  K(80,k>) 

where  8  is  related  to  p  through  (37) . 

The  time  for  the  rotor  to  com¬ 
plete  its  motion,  i.e.  t  =  tp,  p  =  p~ 
is  thus  given  by  (42)  with  8  =  Bp.  The 
number  of  turns  or  rotations  of  the 
entire  SSA  during  this  motion  is  simply 
ntp . 


The  angular  displacement  of  the 
rotor  can  be  obtained  as  a  function  of 
time  from  (42)  using  (37)  and  the 
identity  [7] 

sn (K (8 ,k) )  =  sine  (43) 

where  sn  is  the  Jacobian  elliptic  sine. 
The  result  is  given  by: 

p  *  j  -  2sin_1^k  sn(nt^jjj"  ” 

-K(B0,k)))  (44) 

0  =  tc(t(tp 

Figure  3  shows  the  calculated 
values  for  turns-to-arm  versus  spin 
rate  for  95%  efficient  gear  meshes  and 
for  a  coefficient  of  friction  at  the 
pivots  of  0.15. 


Fig.  3  THEORETICAL  TURNS-TO-ARM 
VERSUS  SPIN  SPEED 
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It  should  be  noted  that  an  in¬ 
crease  in  P  of  0.1  yields  an  increase 
in  the  minimum  turns-to-arm  character¬ 
istic  of  2  to  3  turns.  Similar  in¬ 
creases  can  be  effected  holding  P  con¬ 
stant  and  increasing  the  coefficient  of 
friction  by  0.05  or  by  decreasing  the 
efficiency  of  the  gear  meshes  by  1%. 

The  curves  of  Figure  3  have  P 
as  a  constant  value.  However,  it  is 
expected  that  the  fraction  of  engaged 
motion  depends  on  the  driving  torque 
and  hence  on  n*.  As  the  sp-n  speed  is 
increased,  the  starwheel  has  a  greater 
acceleration  during  phases  of  free 
motion  and  catches  up  with  the  pallet 
sooner.  Therefore,  P  is  of  the  form 

P  »  PQ  +  6P  n1  ,  iP>0  (45) 

Figure  4  shows  the  effect  this 
relation  would  have  on  the  turns-to-arm 
characteristics  for  P  ■  0.5  and 
6P  =  10"5.  The  magnitude  of  the  value 
for  P  was  obtained  from  analysis  of 
high-speed  movies  (,.0,000  frames  per 
second)  taken  of  laboratory  tests  of 
the  M125A1  SSA.  These  movies  along 
with  a  numerical  solution  of  equations 
(14),  (15),  (17),  (18),  (21),  (22), 

(25)  and  (26)  for  the  condition  that 
the  angular  velocities  were  zero  at  the 
beginning  of  engaged  motion  provided  an 
estimate  of  6P.  (It  should  be  pointed 
out  that  the  numerical  analysis  showed 
the  values  of  P  to  be  greater  than  one. 
This  is  probably  the  effect  of  the 
assumption  that  the  angular  velocities 
are  zero  at  the  beginning  of  engaged 
motion.)  Also  shown  in  Figure  4  are 
the  results  of  the  laboratory  tests. 


Fig.  4  COMPARISON  OF  EXPERIMENTAL  AND 
THEORETICAL  TURNS-TO-ARM  VERSUS 
SPIN  SPEED 


isa 


DISCUSSION 

While  Figure  4  shows  good 
agreement  between  calculated  and  experi¬ 
mental  results  it  should  be  recalled 
that  there  are  several  parameters  which 
need  to  be  estimated  and  these  can  have 
a  profound  effect  on  the  final  results. 
Fortunately,  only  the  value  of  P  is  an 
unknown  for  the  damping  calculations. 
Thus  proposed  designs  for  a  runaway 
escapement  can  be  evaluated  and  com¬ 
pared  using  the  proposed  damping  model. 

In  an  effort  to  further  vali¬ 
date  the  damping  model,  another  escape¬ 
ment  mechanism,  the  M125A1E3,  which  has 
been  built  for  possible  ordnance  use 
was  also  tested  and  the  results  com¬ 
pared  with  predictions  using  the  pro¬ 
posed  model.  In  this  case  the  model 
predicted  only  40-45%  of  the  turns-to- 
arm  (6) .  This  result  is  unacceptably 
low  and  indicates  further  work  is 
necessary  in  the  development  of  an 
accurate  model  for  the  damping  of  a 
wide  range  runaway  escapement  mechanism. 
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PREDICTION  AND  EXPERIMENTAL  TECHNIQUES 


A  METHOD  FOR  PREDICTING  BLAST  LOADS 
DURING  THE  DIFFRACTION  PHASE 


W.  J.  Taylor 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Recent  work  undertaken  by  the  Ballistic  Research  Laboratories  was  directed 
toward  Improving  the  accuracy  of  the  predicted  load-time  diagram  for  simple 
structures  so  that  more  predcise  calculations  of  structural  response  could 
be  made.  The  established  prediction  schemes  do  not  differentiate  between 
two-  and  three-dimensional  structures  so  this  is  the  area  of  primary 
interest  in  this  paper.  The  results  of  this  analytical  and  experimental 
investigation  show  substantial  differences  in  loading  between  two-  and 
three-dimensional  cases.  A  method  for  determining  the  load  during  the 
diffraction  phase  is  presented  and  compared  to  experimental  data. 


INTRODUCTION 

In  the  early  19S0's  laboratory  and  field 
experiments  were  conducted  to  define  the  blast 
loadinr  on  structures.  The  work  of  that  era 
was  .ynthesized  by  contractors  to  the  Corps  of 
Engineers  and  published  in  a  Corps  of  Engi 
noers  Manual  EM  1110-345-413,  "Design  of 
Structures  to  Resist  the  Effects  of  Atomic 
Weapons."  This  work  received  wide  distribu¬ 
tion  and  in  1965  it  was  republished  as  a 
Dept,  of  the  Army  Technical  Manual  TM5-856-1. 
It  has  served  as  a  very  useful  document  for 
both  the  designers  of  blast  hardened  struc¬ 
tures  and  for  those  having  responsibility  for 
vulnerability  studies.  Vulnerability  work  and 
present  day  design  requirements  indicate  a 
degree  of  accuracy  that  is  beyond  the  scope 
of  this  document.  For  such  studies  one  should 
know  the  load  history  at  any  point  on  a 
structure.  Complex  computational  techniques 
can  provide  this  type  of  resolution  for  two- 
dimensional  structures  and  work  is  progressing 
toward  solving  such  problems  on  three- 
dimensional  structures.  The  requirement  for 
precise  point  loading  information  does  not 
relieve  the  requirement  to  provide  more  pre¬ 
cise  average  load-time  histories  and  this 
paper  is  aimed  at  giving  the  problem  solver 
a  simple,  but  more  accurate  method  for  esti¬ 
mating  average  blast  loads  on  the  front  and 
rear  surface  of  structures, 

Figure  1  illustrates  the  technique  out¬ 
lined  in  the  technical  manual  for  determining 
average  loads  on  the  front  and  rear  surfaces. 
As  one  can  see,  one  of  the  more  important 
calculations  made  when  determining  the  load¬ 
time  curve  on  a  structure  is  that  which 
determines  the  length  of  time  that  some  com¬ 
ponent  of  reflected  pressure  persists  on  the 


structure.  This  time  is  referred  to  as  clearing 
time,  tf,  and  as  determined  by  the  technical 
manucl  is  3S/as,  where  S  is  either  the  height 
of  the  structure  or  one-half  the  width,  which¬ 
ever  is  smaller,  and  a5  is  the  speed  of  sound  in 
the  reflected  pressure  region  on  the  face  of  the 
model.  Some  design  manuals  use  U,  the  shock 
front  velocity  just  prior  to  shock  front  imping- 
ment  on  the  structure,  instead  of  05.  The 
difference  between  U  and  ac  is  small  at  low  ixm- 
pressures  so  it  makes  little  difference  which 
value  is  used.  At  pressures  above  20  psi  homver 
the  differences  exceed  15  percent. 


On  the  rear  of  the  structure  the  average 
rear  surface  pressure  is  determined  from  the 
equation 


V  ■  P,  (.5)  (1  *(  1-B  J  e‘#  ) 

where  3  •  •SPJ/P0,  P0  •  atmospheric  pressure 

The  time,  tb,  required  to  reach  the  pres¬ 
sure  is  given  by  the  equation 


tb  «  4S/c„ 

where  S  is  the  height  of  the  structure  or  one- 
half  the  width  whichever  is  smaller  end  c0  is 
the  speed  of  sound  in  air  before  shock  arrival. 


If  we  examine  the  clearing  time  equation 
we  see  that  two  targets  that  are  widely  differ¬ 
ent  could  have  the  sane  average  load.  If  the 
height  for  instance, wits  tha  limiting  dimension, 
then  any  width  greater  than  two  timta  the  helgt 


Preceding  page  Hank 


139 


would  not  change  the  average  load.  We  know 
from  experiment  that  this  is  not  the  case. 

Also,  on  the  rear  surface  the  equation  which 
gives  the  rate  of  rise  to  maximum  pressure  is 
insensitive  to  shock  overpressure  since  it 
assumes  pressure  disturbances  to  be  propagated 
at  a  speed  equal  to  the  speed  of  sound  in 
ambient  air. 

ANALYSIS  AND  EXPERIMENT 

With  these  current  prediction  techniques 
in  mind  we  performed  a  simple  analysis  and 
conducted  a  shock  tube  study  which  was  aimed  at 
observing  the  differences  between  average  loads 
on  two-  and  three-dimensional  models.  The 
analysis  shows  that  the  rarefaction  wave  ac¬ 
tivity  on  the  two-dimensional  target  is  less 
than  on  the  three-dimensional  target  during  a 
fixed  time  interval.  These  tames  travel  at  the 
local  speed  of  sound  and  set  up  the  flow  from 
the  zone  of  high  pressure  to  one  of  lower 
pressure  near  the  free  edges.  A  structure  with 
either  a  .large  or  small  height  to  width  ratio 
receives  a  very  different  unloading  pattern 
than  one  with  dimensions  which  are  equal,  or 
near  equal.  This  is  illustrated  in  Figure  2, 
which  shows  six  rarefaction  waves  crossing  in 
the  clearing  time  T-  on  a  structure  with  a 
height  to  width  ratio  of  1/2  and  four  on  the 
structure  which  is  very  wide. 

The  experimental  program  to  Investigate 
the  difference  in  loading  between  two-  and 
three-dimensional  structures  was  conducted  in 
the  square  test  section  of  the  BRl  24"  shock 
tube.  A  steel  model  was  instrumented  with 
three  piezoelectric  gages  on  one  face.  The 
gages  and  their  positions  on  the  model  remained 
unchanged  during  the  experiment,  but  the  model 
was  turned  180  degrees  for  observing  back  face 
loading.  The  three-dimensional  model  was  con¬ 
verted  to  a  two-dimensional  model  by  adding 
wood  blocks  to  fill  the  space  between  the  model 
and  shock  tube  wall.  Figure  3  shows  the 
various  test  configurations.  Shock  pressures 
of  S,  10,  IS  and  20  psi  were  applied  to  these 
test  configurations  and  the  data  were  recorded 
on  oscilloscopes. 

An  attempt  was  made  to  position  the  gages 
on  the  model  so  that  an  average  pressure  during 
the  diffraction  phase  would  be  obtained  by 
coafelning  the  records.  The  front  surface  of  the 
model  was  sectioned  as  shown  in  Figure  4A  and 
gages  were  placed  at  the  Centroid  of  the  area 
A,  C  and  D  as  shown  In  Figure  41,  Position  A 
was  given  a  weight  of  2,  and  C  and  0  each  a 
weight  of  i  in  an  averaging  channel  which 
coafeined  the  gage  output  and  displayed  them  as 
a  single  record,  figure  S  shows  the  records 
made  from  a  typical  shot  along  with  the  output 
of  the  averaging  channel.  The  averaging  channel 
was  constUv;~d  to  describe  the  average  load  on 
the  face  and  was  used  in  the  comparison  of 
data  throughout  the  program. 

Figure  6  shows  separate  wave  diagram 
for  the  rarefaction  waves  coming  from  the  top 


and  sides  of  the  three-dimensional  model  sub¬ 
jected  to  a  5  psi  shock  wave.  The  rarefaction 
wave  speed  used  is  that  of  the  speed  of  sound 
In  the  reflected  gas  zone.  Gage  position  A  is 
swept  by  a  rarefaction  wave  emanating  from  the 
tip  of  the  model  at  MOyseconds  and  this  is 
reflected  from  the  ground  surface  and  again 
sweeps  the  gage  position  at  400  useconds. 

Similar  signals  from  the  sides  are  received  at 
50  and  450  useconds.  Arranging  these  in  the 
order  of  their  occurrence  produces  a  signal  at 
50,  140,  400  and  450  useconds.  The  first  two 
are  readily  identified  in  Figure  7.  Positions 
C  and  D  receive  their  first  signals  at  the 
same  time,  140  useconds  from  different  edges 
and  are  also  readily  identified.  Each  rare¬ 
faction  wave  that  passes  contributes  to  the 
unloading  but  when  the  individual  gage  posi¬ 
tions  are  summed,  the  passes  are  as  seen  in 
Figure  S,  less  distinct. 

The  wave  diagram  in  Figure  6  can  be  used 
to  identify  the  shock  or  compression  wave 
interactions  on  the  rear  surface  at  the  5  psi 
level  whore  the  pressure  wave  propagation, as 
determined  from  the  experiments,  is  nearly  the 
same  speed  as  the  rarefaction  wave  speed. Figure 
8  shows  records  from  the  rear  surface  with  time 
beginning  when  the  pressure  wave  starts  down  or 
across  that  surface.  Position  A  receives  a 
pressure  pulse  at  approximately  50,  M0,  400 
and  450  useconds,  but  these  waves  exhibit  a 
compression  rather  than  a  shock  rise  time  so 
the  pressure  peak  occurs  later  in  time.  The 
arrival  times  after  the  first  wave  are  actually 
somewhat  longer  or  shorter  than  what  the  wave 
diagram  shows  because  of  the  direction  of 
particle  flow.  Positions  C  and  0  exhibit  near 
identical  patterns,  as  they  should  and  demon¬ 
strate  that  the  mirror  Image  barrier  is  a  valid 
substitute  for  a  ground  plane. 

The  strong  interactions  at  Positions  C  and 
D  are  somewhat  balanced  by  the  dip  in  pressure 
at  Position  A  on  the  average  pressure  plot. 
Position  A,  which  is  close  to  both  the  top  and 
side  edges,  has  been  influenced  by  the  vortex 
generated  by  those  edges.  In  general,  the  rear 
surface  loading  is  quite  non-uniform  and, hence 
more  heavily  averaged  than  the  front  surface 
loading. 

A.  Experimental  Results-Front  Surface 

Figures  9  and  10  show  the  differences  in 
front  surface  loading  between  the  two-  and  three- 
dimensional  models  for  the  nominal  shock  pres¬ 
sures  of  5,  10,  15  and  20  psi.  The  input  shock 
pressures  were  not  precisely  the  sane  as  the 
nominal  pressure  levels,  and  the  difference  is 
indicated  by  the  slight  difference  in  reflccCbn 
factor  and  two  values  of  stagnation  pressure 
ratio.  These  figures  show  that  the  three- 
dimensional  model  is  aore  swiftly  relieved  of 
its  reflected  pressure  than  the  two-dinensional 
model.  Notice  that  the  pressures  go  below  the 
stagnation  pressure  level  on  the  three- 
dimensional  node)  at  3,  10  and  15  psi  level  and 
remain  there  for  about  one  crossing  time  before 
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returning  to  the  stagnation  pressure  level 


B.  Experimental  Results-Rear  Surface 


The  records  from  the  three-dimensional 
model  show  a  pressure  jump  occurring  at  about  3 
or  4  crossing  times.  This  is  caused  by  the 
reflected  wave  from  the  model  interacting  with 
the  shock  tube  wall  and  returning  to  the  model. 
The  records  at  this  point  and  beyond  in  time 
are  not  considered  representative  of  the  free 
field  case.  For  the  two-dimensional  model  this 
reflection  occurs  at  a  time  later  than  what  is 
plotted  and  so  these  records  are  considered 
valid  for  the  times  plotted. 

These  records  of  front  face  loading  show 
that  clearing  time,  or  time  for  the  reflected 
pressure  to  decay  to  stagnation  pressure,  is 
something  other  than  3S/as  .  The  three- 
dimensional  model  clears  faster  than  the  two- 
dimensional  model  and  the  stronger  shocks 
require  more  crossing  time  than  weak  shocks.  In 
fact,  the  two-dimensional  model  does  not  reach 
stagnation  pressure  during  the  recording  time 
at  the  higher  shock  pressure  levels.  Figure  11 
shows  a  plot  of  percent  of  stagnation  pressure 
remaining  after  a  time  3S/aj  and  points  up  the 
error  that  is  introduced  in  a  loading  calcula¬ 
tion  if  that  criteria  is  used. 

In  an  atteept  to  relate  the  rarefaction 
wave  activity  with  the  amount  of  unloading,  the 
records  shown  in  Figures  9  and  10  were  replotted 
with  the  time  base  changed  to  nuaber  of  rare¬ 
faction  wavo  crossings.  This,  in  effect,  expands 
the  time  axis  for  the  three-dimensional  model 
by  a  factor  of  2.  This  replottlng.  shown  in 
Figures  12  and  13,  shows  the  correspondence 
between  pressure  change  and  nuaber  of  rarefac¬ 
tion  wave  passes,  and  the  agreement  is  rather 
good  for  the  first  four  crossings.  The  fifth 
crossing  on  the  two-dimensional  model  occurs  *X 
about  the  time  limit  of  the  records,  but  -roc. 
Figures  9  and  10  one  can  see  that  the  pressure 
level  is  approaching  the  stagnation  pressure. 

On  the  three-dimensional  model  interactions  of 
the  two  wave  systems  on  all  bur  the  2G  pal,  shot 
cause  the  pressure  to  temporarily  be  reduced  tn 
a  value  below  the  stagnation  level  a-'’  about  the 
fifth  crossing.  The  pressure  is  eventually 
returned  to  stagnation  pressure  by  *  compres¬ 
sion  wave  which  the  depression  creates  or  S 
reflection  from  the  shock  tube  w  1  if  that 
occurs  sooner. 

The  curves  in  Figures  12  and  *J  suggest 
that  a  load-time  hUiory  can  be  established  by 
counting  the  raref«<tion  waves.  An  average 
curve  was  then  dr  am  for  each  pressure  level 
and  a  plot  was  (Figure  141  which  shows 
the  percent  of  k  fleeted  pressure  remaining 
after  each  raref.ctlon  wave  pass.  The  tendency 
for  the  two-dimensional  and  thrve-dlmennonal 
data  to  separa  e  at  the  fifth  Rarefaction  wave 
crossing  is  n<  t  then  exhibited  and  both  sets 
of  data  show  the  pressure  approaching  stagna¬ 
tion  pressure  at  the  time  of  the  fifth 
rarefaction,  this  is  a  co^.romtse  which  dilutes 
accuracy  but  greatly  slapl'fies  making  a  load 
time  estimate. 
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Figures  IS  and  16  show  the  difference  in 
rear  surface  loading  between  two  and  three- 
dimensional  models  for  the  four  pressure  levels. 
The  time  unit  is  thut  taken  from  TM  S-8S6-1, 
and  according  to  that  publication,  four  such 
time  units  are  req  uired  before  the  maximum 
average  rear  surface  pressure  is  achieved. 

These  data  show  that  the  maximum  pressure  is 
achieved  in  about  2-1/2  time  units  and  that  the 
three-dimension  model  achieves  a  higher 
pressure  than  does  the  two-dimensional  model. 
This  is  not  surprising  since  the  wave  diagrams 
show  the  three-diaensioral  model  has  more  com- 
pressional  wave  inter* ttions.  Figure  17  is  a 
plot  of  the  *.verage  rear  pressure  ratio  at  2-1/2 
time  units  on  both  models  as  a  function  of 
input  presrere. 

CONCLUSIONS 

Thi..  investigation  Showed  that  target  shape 
has  a  significant  influence  on  the  load  time 
history.  A  very  high  or  wide  building  has: 

a.  Pressure  in  excess  of  the  stagnation 
pressure  at  the  time  SS/as. 

b.  Maximum  pressure  that  is  achieved  on 
th>  rear  su-- face  occurs  in  about  1/2  the  time 
predicted  from  TM  S-836-1, 

(hr  the  structure  that  has  a  height  to  width 
ratio  near  1/2: 

a.  Stagnation  pressure  is  achieved  on  the 
front  prior  to  the  time  JS/as, 

b.  Pressure  on  the  rear  is  somewhat  higher 
th.n  predicted  and  achieves  its  level  In  about 
;/.  the  predicted  tine. 

If  the  results  of  this  study  are  applied 
to  a  structure  without  thickness,  the  net  force 
curves  shown  in  Figure  18  are  obtained.  The 
solid  lines  are  the  constructed  curves  and  the 
dashed  lines  are  those  obtained  from  the  pro¬ 
cedure  outlined  in  the  technical  manual.  Tor 
the  case  shown,  a  S  psi  shock,  the  laputse 
delivered  during  the  time  3S/*j  is  38  percent 
less  than  what  would  be  predicted  by  current 
procedure,  on  the  three-dimensional  model  and 
263  less  on  the  two-dimensional  model. 
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Figure  I.  Development  of  Load  Historic*  for  front  and  Hear  Surface* 
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Figure  8.  Fear  Surface  Loading 
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Figure  9,  Average  Loadings  on  front  Surface  at  5  5  10  Psi  Shocks 


14fi 


AVERAGE  PRESSURE  RATIO  (  P/P.) 


figure  10.  Average  Loading  on  Front  Surface  at  15  and  20  Psi  Shocks 
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O —  2  dimensional 

A —  3  DIMENSIONAL 


INPUT  PRESSURE 


Figure  11. 


t  of  Stagnation  Pressure  After  3  Crossing  Times 
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AVERAGE  PRESSURE  RATIO  (P/P.) 


NUMIER  OP  RAREPAGTION  WAVE  CROSSINGS 


Hgurc  13.  A  Time  Pressure  a*  a  function  of  Rarefaction 
Wave  Action  for  IS  and  JO  Psi  Shocks 


ISO 


NUMBER  OF  RAREFACTION  WAVE  CROSSINGS 

Figure  14.  \  of  Reflected  Pressure  u  a  Function  of  Rarefaction 
Nave  Crossing 
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AVERAGE  PRES5URE  RATIO  ( 


♦b 
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Figure  1$.  Average  Loading  on  Rear  Surface  at  S  and  10  Pal  Shock* 
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Hgure  16.  Average  loading  on  Rear  Surface  at  IS  and  20  l»*l  Shock* 


DISCUSSION 


Mr.  gritot  (Udv*r*tty  of  Mary  toad):  Have 
you  compared  your  shockto  MyenmuMB  with 
large  scale  tests?  By  putting  the  model  In  the 
shock  tube  you  partially  constrict  the  flow.  Con¬ 
sider  the  two  extremes,  hi  a  closed  shock  tube 
a  shock  will  be  reflected  as  a  shock;  in  aa  open 
end  tube  the  shock  will  be  reflected  as  an  ex¬ 
pansion.  Now  in  a  partially  restricted  tube  it 
may  go  either  way.  Can  you  comment? 

Mr.  Taylor:  Yea.  A  great  amount  of  care 
went  Into  Due  program  ami  the  model  siae 
selected  is  such  that  the  signals  from  the  wall 
do  not  return  until  juat  about  the  end  of  the 
load-time  curve.  At  about  B00  milliseconds, 
the  signal  at  the  end  is  from  the  side  walls  and 
an  the  two  dimensional  data  It  does  not  get  beck 
at  all.  In  our  testing  time.  We  were  quite  care¬ 
ful  to  make  sure  that  the  experiment  was  not 
contaminated  by  side  wadi  effects.  Now,  how 
does  it  compare  with  large  scale  Held  data? 
Unfortunately  the  nuclear  data  art  poor;  most 
of  it  was  obtained  when  instrumentation  was 
something  lose  than  the  beet.  The  durations  of 
the  900  ton  explosive  tests  that  have  been  run 
in  Canadh  are  too  short  for  the  site  of  the 
structures  that  are  used  so  that  it  is  not  so 
discernible.  We  really  need  another  big  nu¬ 
clear  field  test  to  be  able  to  make  a  valid  com¬ 
parison. 

Mr.  Ballet:  Have  you  changed  the  site  of 
the  model? 


Mr.  Taylor:  We  have  done  that  but  not  on 
this  panfeukr  experiment.  We  select  there 
is  possibly  «  model  site  effect,  but  it  occur* 
on  that  gauge  which  is  very  close  to  the  edge 
of  the  model  The  very  sudden  <Sp  on  the  beck 
side  we  feel  wae  under  the  influence  of  a  vor¬ 
tex.  The  averaging  procedure  here  would  tend 
to  mitigate  or  to  relieve  that  somewhat. 


Mr.  Habib 
opmeut  Center, 


Research  and  Devei- 


Srilortmt,  a  500  ten  charge  was  exploded  on 
the  beach,  and  N8RDC  had  mounted  two  full 
size  deck  houses  on  the  deck  of  a  cruiser.  We 
put  numerous  pressure  gauges  on  both  deck 
bousee  and  we  tried  to  correlate  the  loading 
with  the  response  of  the  structure.  One  of  our 
problems  has  been  to  obtain  a  correlation 
between  the  measured  stresses  and  the  shear 
stresses  In  the  transverse  bulkheads  of  the 
deck  house  by  "H"}  the  standard  for¬ 

mula,  and  we  have  gone  to  quite  a  complex 
analysis  of  Hm  structure.  We  developed  a 
computer  program  which  would  handle  about 
1000  degrees  of  freedom  sad  we  have  a  coo- 
ststent  discrepancy  between  our  predicted 
•tresses,  purs  stresses,  and  the  measured 
ones,  tt  Is  la  the  right  direction;  the  measured 
stresses  were  about  £&%  lower  than  the  pre¬ 
dicted  stresses,  and  if  it  turn*  out  that  n  Mr. 
Taylor  has  Indicated  we  have  about  lee* 
load,  this  accounts  tor  *  major  amount  of  our 
errors. 


Mr.  Witt  (Bell  Telephone  Laboratories): 
We  have  some  i£o3t  t^  aS37>3ra«TeTeai 
data  which  are  not  from  exactly  the  same  type 
of  test  that  Mr.  Taylor  ran,  but  they  may  indi¬ 
cate  that  shock  tube  test*  are  quite  valid.  In  a 
Canadian  blast  test  w*  had  an  air  shaft  which 


was  10  feet  on  the  side  and  about  10  feet  deep 
and  we  obtained  pressure  rvcorde  cm  thin  air 
■haft.  We  produced  a  seals  model  of  this,  4 
Inches  on  the  side,  sad  inserted  tt  adjoining 
our  shock  tube,  which  is  smaller  then  the  one 
Mr.  Taylor  used.  We  were  able  to  ^plicate  the 
pressure  records  almost  exactly  .  We  had  the 
same  Mdewall  effect  in  the  shock  tube  because 


la  the  field  there  is  an  infinite  expanse  to  act 
as  a  reservoir  tor  the  pressure  wave.  We  hid 
a  relatively  small  reservoir  ta  the  shock  tube 
and  ta  this  cose  we  were  unable  to  make  the 


model  small  enough  to  eliminate  at)  sidewall 
effects.  However,  the  result*  were  almost 


DRAG  MEASUREMENTS  ON  CYLINDERS  IN  EVENT  DIAL  PACK 


Stanley  B.  Mellsen 

Defence  Research  Establishment  Suffleld 
Ralston,  Alberta,  Canada 


The  free  flight  method  was  used  to  obtain  drag  measurements  on 
circular  cylinders  In  the  blast  wave  from  a  500  ton  TNT  burst.  Cyl¬ 
inders  3-1/2  to  12  Inches  In  diameter  were  tested  at  peak  Incident 
overpressures  of  5.9  to  20.5  psl. 

Drag  pressure,  drag  pressure  Impulses  and  drag  coefficient  were 
evaluated  and  tabulated.  Transition  through  critical  Reynolds  and 
Mach  number  regimes  were  both  observed  and  described. 


NOTATION 

x  horizontal  displacement  of  cylinder 

t  time  after  shock  front  hit  cylinder 

0  drag  force  acting  on  cylinder  In  blast 
wave 

m  mass  of  cylinder 

a  acceleration  of  cylinder 

v  velocity  of  cylinder 

u  fluid  particle  velocity  In  the  blast 
wave  at  time  t 

u  fluid  particle  velocity  directly  behind 

the  blast  front  ( t=0) 

P  peak  incident  shock  overpressure 

pt  atmospheric  pressure 

C]  speed  of  sound  In  the  air  ahead  of  the 
blast  front 

F  Frledlender  pressure  decay 

t+  positive  duration  of  blast  wave 

a  fluid  particle  acceleration  In  the  blast 
p  wave 


CD  coefficient  of  drag 

PD  drag  pressure 

I  drag  pressure  Impulse 

Ppave  average  drag  pressure  evaluated  from  drag 
pressure  Impulse 

q  dynamic  pressure  at  time  t 

qQ  dynamic  pressure  at  time  t*0 

M  flow  Mach  number  In  blast  wave 

C7  speea  of  sound  In  the  blast  Wave  at  time 

t 

T,  atmospheric  temperature  ahead  of  shock 

front 

R  gas  constant 

Y  specific  heat  ratio 

T,  temperature  In  the  blast  wave  at  time  t 

T?o  tenperature  behind  the  blast  front  at  t*0 

P2«  absolute  pressure  behind  shock  front  at 
t=0 

p,  absolute  pressure  In  blast  wave  at  time  t 
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Re  Reynolds  nunber 

d  cyl inder  diameter 

v  kinematic  viscosity  at  time  t 

ac  acceleration  coefficient 

a.  acceleration  of  fluid  relative  to  cylin¬ 

der 


INTRODUCTION 

In  Operation  PRAIRIE  FLAT  [1],  a  project 
was  initiated  to  measure  the  aerodynamic  drag  on 
circular  cylinders  by  the  free  flight  method  [2]. 
The  project  was  based  on  the  necessity  of  pro¬ 
viding  knowleage  of  blast  loading  Tor  structural 
analysis  of  the  lattice  type  masts,  also  tested 
in  the  trial  [3]  and  for  gaining  knowledge  of 
aerodynamic  drag  in  the  little  explored  unsteady 
flow  regime  behind  a  spherical  blast  wave  In 
Event  DIAL  PACK  held  at  ORES  on  July  23,  1970, 
the  free  flight  method  was  again  used  to  measure 
the  aerodynamic  drag  on  cylinders  using  seven 
cylinders  as  compared  to  two  as  in  Operation 
PRAIRIE  FLAT.  In  addition  to  following  the  mo¬ 
tions  of  the  cylinders  by  means  of  high  speed 
cameras,  transducers  were  also  used  on  all  the 
cylinders  to  measure  their  velocity  directly. 

This  essentially  gave  the  total  load  impulse  as 
a  function  of  time.  In  this  way  only  one  dif¬ 
ferentiation  was  necessary  for  obtaining  the 
acceleration  and  hence  the  drag  force  applied  to 
the  cylinders  as  compared  to  the  two  necessary 
for  the  camera  displacement.  The  lattice  type 
masts  which  had  been  tested  in  Operation  PRAIRIE 
FLAT  were  tested  again  in  Event  DIAL  PACK  but  at 
higher  overpressures  and  six  of  the  drag  cylin¬ 
der  setups  were  placed  near  them  so  that  the 
measurements  made  could  be  used  directly  in  the 
structural  analysis.  In  addition,  basic  infor¬ 
mation  about  drag  in  unsteady  flow  at  these 
higher  overpressures  was  derived.  The  seventh 
cylinder  was  placed  at  a  much  lower  overpressure 
adjacent  to  the  GRP  (Glass  Reinforced  Plastic) 
topmast  [4]  to  provide  loading  information  for 
that  structure. 

Finally,  then,  the  purpose  of  the  experi¬ 
ments  reported  herein  was  to  obtain  information 
about  aerodynamic  drag  on  seven  circular  cylin¬ 
ders  covering  the  overpressure  range  of  from 
about  6  to  25  psi . 

APPARATUS  AND  PROCEDURE 

(a)  Test  Cylinders  and  Mounts 

Each  of  the  seven  test  cylinder  setups  con¬ 
sisted  essentially  of  a  circular  cylinder  rest¬ 
ing  parallel  to  the  ground  on  the  ledge  of  a 
base  anchored  solidly  in  the  ground  (Fig.  1). 

The  location,  size  and  weight  of  each  cylinder 
is  given  in  Table  1.  Also  given  are  the  posi¬ 
tions  for  which  camera  coverage  was  used  and  the 


adjacent  structure  for  which  loading  data  were 
provided. 

The  large  cylinder  at  the  5.9  psi  location 
was  constructed  of  sheet  steel,  spot  welded  to 
circular  steel  end  plates  and  Internal  stiffen¬ 
ers.  The  support  shafts  were  1/2  inch  diameter 
steel  rods  along  the  axis  of  each  end  of  the 
cylinder.  These  were  welded  to  the  end  plates 
and  the  first  Internal  stiffener  which  acted  as 
a  hub.  The  remaining  Internal  stiffeners  con¬ 
sisted  of  circular  steel  rings  placed  at  30  inch 
intervals.  Their  thickness  was  such  that  they 
counter-balanced  the  masses  of  the  end  pieces  for 
the  purpose  of  preventing  possible  beam  vibra¬ 
tions.  The  cylinders  at  the  11.0  and  14.3  psi 
locations  consisted  of  schedule  80  A1  pipe  with 
1/4  inch  thick  aluminum  end  plates.  Each  sup¬ 
port  shaft  was  a  1/2  inch  diameter  aluminum  rod 
passed  through  the  end  plate  along  the  axis  of 
the  cylinder  and  welded  at  Its  Inner  end  to  a 
disk  pressed  into  the  cylinder.  An  aluminum  disk 
1-1/2  Inches  wide  was  pressed  Into  the  middle  of 
each  of  these  two  cylinders  to  balance  the  end 
masses.  The  four  cylinders  at  17.0  and  20.5  psi 
were  solid  aluminum  rods  with  1/2  inch  diameter 
steel  support  shafts  pressed  into  holes  drilled 
in  each  end  of  the  cylinders.  All  the  support 
shafts  were  machined  with  a  small  flat  on  which 
the  cylinder  rested  to  keep  it  from  rolling. 

Each  cylinder  to  be  used  with  camera  coverage 
had  alternate  quadrants  of  one  end  painted  black 
and'white  for  fiducial  marks  for  film  reading. 

The  surfaces  of  the  cylinders  were  smoothed  so 
that  there  were  no  rough  spots  to  disturb  the 
flow  pattern  around  them.  The  steel  cylinder 
was  painted  to  prevent  It  from  rusting  before 
the  trial  took  place. 

Each  mount  base  consisted  of  two  parallel 
vertical  steel  plates  1/4  inch  thick  bolted  to  a 
steel  footing  planed  In  concrete  In  the  ground 
(Fig.  1).  The  plates  were  36  inches  long,  30 
inches  high  and  were  spaced  apart  a  distance 
equal  to  the  length  of  the  test  cylinder.  A 
scale  consisting  of  alternate  black  and  white 
stripes  two  inches  wide  was  painted  along  the 
top  edge  of  the  base  plate  facing  the  camera  to 
provide  a  distance  scale  in  the  film  record. 

Two  extension  plates  were  bolted  to  the  top 
of  the  base  plates  at  the  ends  nearest  the  oncom¬ 
ing  blast  wave.  These  plates  had  gimbals  welded 
to  them  in  which  velocity  transducers  were  clamped. 
The  velocity  transducers  themselves  are  described 
in  the  following  section.  The  extension  plates 
also  contained  the  ledges  on  which  the  cylinders 
rested  by  their  mount  shafts.  The  gimbals  and 
ledges  were  lubricated  with  silicon  grease  so 
that  the  friction  forces  were  reduced  to  negligi¬ 
ble  quantities  in  comparison  to  the  drag  forces. 

To  prevent  disturbances  of  the  oncoming  shoe* 
wave  from  interfering  with  the  flow  the  front 
edges  of  the  areas  of  the  mount  facing  the  shock 
wave  were  tapered  so  that  the  shock  wave  could 
pass  smoothly  between  the  plates  which  themselves 
provided  high  rldigity  and  low  frontal  area. 
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Fig.  1  -  Free  FMght  Drag  Cylinder  and  Mount 
TABLE  1 

Size,  Weight  and  Location  of  Test  Cylinders 


*  camera  failed  to  operate 
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INSTRUMENTATION 

The  velocity  transducers  for  Measuring  di¬ 
rectly  the  velocity  of  each  cylinder  as  a  func¬ 
tion  of  tine  were  based  un  the  principle  that  a 
permanent  magnet  travelling  through  a  coll  pro¬ 
duces  a  voltage  which  Is  directly  proportional 
to  the  velocity  of  the  nagnet  within  the  coll. 

A  pair  of  transducers  connected  In  parallel  was 
used  on  each  cylinder  so  that  the  voltage  out¬ 
put  was  proportional  to  the  average  velocity  of 
the  two  ends  of  the  cylinder.  The  transducers 
used  at  all  locations  other  than  that  at  the 
lowest  pressure  level  were  Hewlett  Packard  Model 
LV  (syn)  6LV4  with  a  4-1nch  nominal  working 
range.  The  cylinder  at  5.9  psl  had  Model  6LV2 
transducers  Installed  which  used  only  a  2-inch 
nominal  stroke.  The  magnetic  rod  In  each  trans¬ 
ducer  coil  was  extended  by  a  brass  rod  fastened 
to  an  aluminum  eyelet  which  passed  over  the 
shaft  on  each  end  of  the  cylinder. 

The  output  of  the  transducers  was  suffic¬ 
iently  high  that  no  amplification  was  necessary. 
The  output  of  each  transducer  pair  was  simply  fed 
through  a  potential  divider  consisting  of  two  re¬ 
sistors  mounted  an  the  outside  of  the  base  plate 
into  a  strain  gauge  cable  passing  underground  to 
the  recording  bunker.  The  strain  gauge  cable  was 
connected  to  a  magnetic  tape  recorder  and  the 
voltage-time  output  recorded. 

The  transducers  were  calibrated  by  two  dif¬ 
ferent  methods.  Before  the  trial  they  were  cali¬ 
brated  by  an  electro-mechanical  weans  which  con¬ 
sisted  basically  of  shaking  the  velocity  unit  and 
comparing  the  output  voltage  to  the  velocity 
measured  by  a  standard  accelerometer.  The  sec¬ 
ond  method  consisted  of  Integrating  voltage-time 
data  obtained  during  the  trial  and  comparing  this 
to  known  displacement-time  characteristics  of  the 
transducers.  The  details  of  both  methods  are 
described  elsewhere  [5].  Three  of  the  cylinder 
setups  were  equipped  with  cameras  to  follow  cyl¬ 
inder  motion.  Fastalr  cameras  with  a  nominal 
operating  speed  of  about  600  frames  per  second, 
were  used  at  locations  No.  2  and  No.  4  (Table  1). 
A  Photosonlcs  camera,  with  a  nominal  speed  of 
1000  frames  per  second,  was  used  at  Location  No. 
1.  Each  camera  was  mounted  at  the  height  of  the 
cylinder  on  a  wooden  post  anchored  solidly  In 
the  ground.  The  axis  of  the  camera  was  oriented 
perpendicularly  to  the  blast  direction.  The  cam¬ 
eras  were  placed  so  that  their  fields  of  coverage 
would  allow  about  two  feet  of  cylind.-r  motion  to 
be  followed.  This  corresponded  to  roughly  half 
the  positive  duration  of  the  pressure  wave,  the 
Interval  of  greatest  Interest.  This  provided  for 
maximum  displacement  resolution  in  the  film  data 
for  studying  the  motion  of  the  cylinder  during 
this  time  interval .  The  drag  forces  beyond  this 
time  would  be  very  small  and  also  the  dynamic  re¬ 
sponse  of  the  structures  under  test  was  most 
greatly  Influenced  by  the  earlv  part  of  the  wave. 
The  speed  of  each  camera  was  monitored  by  means 
of  electronic  timing  marks  placed  on  the  film  at 
100  nsec  Intervals. 


DATA  ANALYSIS 

The  voltage-time  data  obtained  from  the  vel 
oclty  transducers  and  recorded  on  magnetic  tape 
during  the  field  trial  were  converted  from  ana¬ 
log  to  digital  form  after  the  trial.  Most  of 
the  high  frequency  noise  was  then  smoothed  out 
and  the  curves  were  fitted  to  the  filtered  data 
using  a  program  In  the  IBM  Statistical  System 
entitled  Least  Squares  Fitting  to  Orthogonal 
Polynomials.  The  fitted  curves  and  the  data  to 
which  they  were  fitted  are  shown  by  the  smooth 
and  wavy  lines  respectively  In  Fig.  2.  The  gap 
in  the  data  curve  1$  due  to  a  characteristic  of 
the  transducers.  This  Is  described  In  detail 
along  with  a  description  of  all  the  data  analy¬ 
sis  elsewhere  [5]. 

Curves  were  also  fitted  to  the  camera  dis¬ 
placement-time  data  using  the  same  procedure. 

The  fitted  curve  and  the  data  to  which  It  was 
fitted  (each  point  shown  by  an  "x")  along  with 
the  velocity  and  acceleration  obtained  by  dif¬ 
ferentiating  the  fitted  curve  Is  shown  in  Fig. 

3  for  Location  1  and  Fig.  4  for  Location  2. 


RESULTS 

(a)  Calculations  Used  and  Detailed  Tables  of 
Resul ts 

An  investigation  was  made  Into  the  possibil¬ 
ity  of  evaluating  the  various  flow  parameters  In 
the  fluid  flow  behind  the  spherically  expanding 
blast  front  using  the  fundamental  laws  of  fluid 
mechanics  and  thermodynamics  along  with  the 
measured  parameters.  A  simple,  accurate  method 
was  not  found.  Therefore,  methods  were  used  In¬ 
volving  the  empirical  Frledlander  decay,  similar 
to  the  methods  used  previously  [2]. 

The  drag  force  D  was  obtained  by 

0  *  ma  (Eq.  1) 

where  m  Is  the  mass  of  the  cylinder  and  a  «  ^ 

was  the  cylinder  acceleration  evaluated  using  the 
polynomial  curves  fitted  to  the  data.  The  drag 
pressure  pp  on  each  cylinder  was  found  by  divid¬ 
ing  the  drag  force,  D,  by  the  frontal  area,  A, 
of  the  cylinder.  Thus, 

?D  *  *  •  <E«-  2) 

The  drag  pressures  evaluated  for  the  12  Inch  di¬ 
ameter  cylinder  using  camera  data  are  shown  In 
Table  2  and  for  the  four  3-1/2  inch  diameter  cyl¬ 
inders  using  transducer  data,  they  are  shown  In 
Table  3.  Similar  tables  for  the  remaining  data 
are  not  Included  but  can  be  found  elsewhere  [5]. 
Also  shown  In  these  tables,  for  each  cylinder,  Is 
the  drag  coefficient,  Cq,  drag  pressure  Impulse 
I,  In  psi  seconds,  average  drag  pressure  Ppave, 
in  psl  defined  In  the  sequel,  displacement  x,  vel¬ 
ocity  v,  and  acceleration  a,  of  each  cylinder 
along  with  various  flow  parameters. 
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Fig.  2  -  Velocity-Time  Plots  of  Transducer  Data 
and  Fitted  Smooth  Curves 
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Fig.  4  -  Motion  of  Cylinder  for  location  2 
From  Camera  Data 
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TABLE  2 

Re  , nits  for  Location  1  Using  Cylinder  Motion 
Measured  by  High  Speed  Cameras 


TABLE  3a 

Results  for  Location  2  Using  Cylinder  Motion 
Measured  by  Velocity  Transducers 
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TABLE  3b 

Results  for  Location  3  Using  Cylinder  Motion 
Measured  by  Velocity  Transducers 
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TABLE  3c 

Results  for  Location  4  Using  Cylinder  Motion 
Measured  by  Velocity  Transducers 
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TABLE  3d 

Results  for  Location  6  Using  Cylinder  Motion 
Measured  by  Velocity  Transducers 
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The  dreg  force  impulse  was  derived  fro* 
Newtek's  Second  Lew,  thus, 


Integration  gives 

t  t 

/  0  dt  ■  /  d(mv). 
o  o 

Since  the  ness  was  constant  and  the  Initial  vel¬ 
ocity  was  zero,  this  equation  becomes 

t 

/  0  dt  ■  av.  (Eq.  3) 

o 

The  drag  pressure  impulse,  I,  was  found  by 
dividing  the  drag  force  Impulse,  given  by  Eq.  3, 
by  the  frontal  area  of  the  cylinder,  thus 


where  t  was  the  tin*  elapsed  after  the  blast 
front  had  passed  the  cylinder, 
t+  was  the  positive  duration  of  the  wave. 

The  value  of  Pi  was  13.57  psl  [6].  The 
value  of  k  used  was  1.0  at  Locations  1  and  2  and 
2.0  at  Locations  4,  5,  6  and  7,  The  value  of  k 
was  determined  from  pressure-time  records  ob¬ 
tained  at  the  pressure  levels  of  these  locations 
[7].  The  value  of  k  at  Location  3,  which  was 
about  half-way  In  peak  Incident  overpressure  be¬ 
tween  Location  2  and  Locations  4  and  5,  was  as¬ 
sisted  to  be  1 .5. 


The  fluid  particle  acceleration  a  was  found 


be  differentiating  Eq.  6  thus 


*p  "  If  ‘  (*F  *  #l0  * 


The  drag  coefficient  was  found  by 


(Eq.  8) 


i  ■  j-  .  (Eg*  4) 

That  Is,  the  drag  pressure  Impulse  was  directly 
proportional  to  the  cylinder  velocity.  The  av¬ 
erage  drag  pressure  pmvc,  up  to  any  specified 
time,  t,  was  given  by 

pQave  •  [  .  (Eq.  S) 


C0  “  f  ,  (Eq.  9) 

where 

q  •  q0(1  -  })*  F*  (Eq-  10) 

where  q0.  the  dynamic  pressure  at  t*0,  obtained 
from  the  flanfcine-Mugoniot  equation  was  given  by 


The  displacement x. and  velocities  v,  of 
the  cylinders  were  evaluated  from  the  polyno¬ 
mial  curves  fitted  to  the  camera  displacement- 
time  data  and  to  the  transducer  velocity-time 
data.  The  displacement  was  ubtetned  from  the 
letter  curves  by  means  of  numerical  Integration 
using  Simpson's  rule  for  an  odd  number  of  points 
end  the  trapezoidal  rule  for  evaluating  the  con¬ 
tribution  bo  the  integral  by  the  last  increment 
when  the  meeber  of  points  was  even. 

The  fluid  velocity  directly  behind  the  blast 
front  (time  t*0) ,  was  obtained  from  the  »quetion 

u  «  uqF  (Eq.  5) 

where  uq.  the  fluid  velocity  directly  behind  the 
blest  front  (time  t«0),  was  obtained  from  the 
ftankine-Mugoniot  relations 


(Eq.  7) 


where  p 


Pi 

i 


r 


was  the  peak  shock  overpressure, 
was  the  atmospheric  pressure, 
was  the  speed  of  sound  in  the  air  ahead 
t  front, 
kt 

f 

*  ,  the  friedlander  pressure 
decay  rate,  giving  p(t)  *  pf. 


S>  *  I  Te^Tp  (£*‘ 

The  Mach  number  H  of  the  flow  behind  the  shoe* 
front  wet  given  by 


M-iU-i  (Eq.  12) 

where  Cj  wet  the  speed  of  sound  behind  the  shock 
front  obtained  from 


(Eq.  »3) 


where  C.  •  Vt *  T  was  the  speed  of  sound  In  the 

atmosphere  ahead  of  the  shock  front, 

T  x  was  the  atmospheric  temperature  abend  of 
the  shock  front  the  measured  value  of 
which  was  5».19*e  (6). 

*  was  the  gas  constant, 

♦  was  the  spec! fie  heat  ratio, 

T  was  the  temperature  of  the  flow  behind 
the  shock  front  approximated  by  the  Ison 
tropic  relationship 


h  •  hi 


(Eq.  14) 


169 


where  was  the  temperature  directly  behind  the 
shock  front  obtained  from  the  Penkine- 
Hugoniot  relations  and  given  as  follows 


(b)  Summed  Results 


f7>pA 

T?0‘T‘  — PT  (£q’ 

V  * 


where  p20  ■  P  ♦  r>i 


<Eq.  1«) 


Pj  «  p,  ♦  pf  . 


{Eq.  17) 


The  Reynolds  muter  was  given  by 

*  *  jjUJdi 


(Eg.  18) 


where  d  ms  the  cylinder  diaaeter 

v  ms  the  kinenatic  viscosity  given  by 


*  10* 


0,714 


t  b.f 

n«G 

(Eq.  19) 


-here  the  bn  ere  coefficients  (21  obtained  b> 
fitting  «  potynoaial  to  value*  a?  v  for  sir  at 
specific  temperature*.  Tho  acceleration  coef¬ 
ficient.  en  Indication  uf  the  effect  on  drag  of 
relative  acceleration  between  fluid  and  cylin¬ 
der  ms  given  by 

•c-irvV  «<■“> 

where  at  is  total  acceleration  defined  by 

*t  *  *  *  *p  '  (U.  21) 


The  average  drag  coefficient  obtained  for 
each  of  the  test  cylinders  is  given  for  various 
tine  Interval*  in  Table  4.  These  were  obtained 
fro*  the  values  given  at  two  Billisecond  inter¬ 
vals  as  shown  in  Tables  2  and  3  and  averaging 
these  values  over  the  specified  tlwe  range  given 
In  Table  4. 

A  log-log  Plot  of  the  dreg  pressure  impulse  at 
the  various  peak  incident  overpressures  for  which 
results  Mre  obtained  on  3.49  inch  disaster  cyl¬ 
inders  is  given  in  Fig.  5. 


DISCUSSION 

The  values  of  C«  shown  as  functions  of  tin* 

In  Table  2  for  location  1  and  in  Table  3  for  lo¬ 
cation  4  Indicate  clearly  that  the  flow  around 
the  cylinder  had  passed  from  turbulent  flow  to 
leaf Aar  flow  Reynold*  nunber  regiats.  This  is 
Shown  by  coaparison  of  the  dra»  coefficients  and 
Reynolds  nunber*  obtained  for  How  in  me  blast 
wave  to  known  values  for  transition  in  steady  in- 
coapressible  flow  A  aintaua  value  *f  the  drag 
coefficient.  In,  between  0.290  and  0.480  ms 
reached  between  Reynolds  auaber  5.7  *  10s  and 
10  l  a  10*,  passing  to  a  uaxinge  value  of  slightly 
greater  than  1  between  Reynolds  mrtber  of  4.2  i 
10*  and  5.6  *  TO*  in  the  *<a*  varying  f l«t*  cf  the 
passing  blast  me  for  location*  i .  4  end  5.  for 
steady  flow,  on  the  other  hand,  tht  **in  pert  if 
the  transition  regie*  occur*  approaShefaety  be¬ 
tween  Reynolds  nMber  5  *  10'  and  I  *  10*,  wh*f* 
the  drag  coefficient  Uvs-ee*  froa  a  aintiue  value 
of  approaiaately  04  to  a  *«!ve  of  approximately 
1.0  £*).  The  effect  of  cweasibiiity  is  such 
that  the  drag  coefficient  ano  fcyncidt  nunber  of 
the  transition  rtgine  both  Increase  with  hath 

TA81E  4 


Average  Orag  Coefficients  Over  Various  Tisw  Range* 


number  which  explains  why  the  values  found  were 
slightly  above  those  known  for  steady  incompres¬ 
sible  flow. 

It  is  interesting  to  note  that  the  drag  co¬ 
efficient  increased,  during  a  time  in  the  trans¬ 
ition  regime,  at  a  higher  rate  than  the  dynamic 
pressure  decreased  in  the  blast  wave,  producing 
a  net  increase  in  drag  pressure  here. 

The  average  value  of  drag  coefficient  over 
the  supercritical  Reynolds  number  regime  was 
found  generally  to  Increase  with  the  peak  over¬ 
pressure  of  the  location.  This  is  in  agreement 
with  the  well-known  steady  flow  result  that  drag 
coefficient  increases  with  flow  Mach  number. 

In  Tables  2  and  3  the  average  drag  pressure 
was  always  found  to  be  higher  than  that  which 
would  be  obtained  by  averaging  the  numbers  shown 
in  the  drag  pressure  column  for  each  position. 

This  is  because  the  average  drag  pressure  was 
evaluated  fror  the  drag  impulse,  which  was  the 
time  integral  of  all  the  forces  acting  on  the 
cylinder  including  the  initial  diffraction  phase; 
while  the  drag  pressure  was  determined  by  the 
derivatives  of  smooth  curves  fitted  to  the  dis¬ 
placement  and  velocity  data.  Due  to  rapidly 
changing  initial  loads,  these  curves  produced 
inaccurate  derivatives  and  hence  inaccurate  drag 
load  resulted  over  about  the  first  five  milli¬ 
seconds  of  time.  Generally,  the  effect  of 
moothing  by  the  fitted  curves  was  such  that 
toe  curves  yielded  velocities  greater  than  zero 
at  time  t=0,  and  lower  acceleration  in  the  first 
few  milliseconds  than  actually  occurred. 

The  velocity  of  the  two  cylinders  at  Loca¬ 
tions  6  and  7,  both  of  which  were  at  the  same 
and  higher  overpressure  location  were  found  to 
decrease  with  time  in  part  of  the  time  range  of 
measured  velocity.  This  behavior  is  shown  in 
Fig.  2.  There  are  no  apparent  flow  conditions 
which  can  be  used  to  explain  this  behavior  be¬ 
cause  it  implies  a  force  in  the  opposite  direc¬ 
tion  to  the  blast  wave  over  several  milliseconds, 
which  does  not  seem  possible.  The  cylinders  and 
stands  were  carefully  checked  immediately  after 
the  field  trial  and  no  indication  of  the  cylin¬ 
ders  striking  the  stands  so  as  to  slow  the  cyl¬ 
inders  down  was  found.  The  drag  pressure,  drag 
coefficient,  drag  impulse,  and  average  drag  pres¬ 
sure  for  Location  6  is  shown  in  Table  3  only  for 
the  time  interval  of  the  first  linear  output  range 
of  the  transducers  [5],  Beyond  these  times  the 
fitted  curves  were  considered  unreliable  for  de¬ 
termining  quantitative  results.  The  fitted  curves 
do,  however,  indicate  qua^totively  that  a  very 
sudden  decrease  In  the  drag  coefficient  occurred. 
There  is  a  possible  explanation  for  this  sudden 
decrease.  The  supersonic  expansion  phenomenon 
causes  a  »ery  sudden  change  in  drag  coefficient 
in  the  vicinity  of  Mach  0.5  at  supercritical  Rey¬ 
nolds  numbers.  The  drag  coefficient  drops  by  a 
factor  of  about  4  as  the  flow  Mach  number  de¬ 
creases  through  the  critical  regime  [9],  For 
Locations  G  and  7  the  high  mean  drag  coefficient 
oefo>'e  the  sudden  decrease  In  cylinder  accelera¬ 
tion  indicates  that  the  cylinder  was  In  the 


supercritical  Mach  number  regime  and  the  very 
sudden  drop  In  acceleration  indicates  that  the 
transition  regime  was  traversed.  The  drag  pres¬ 
sures  and  drag  coefficients  are  not  shown  in 
Table  2  for  t;.e  final  few  milliseconds  of  the 
camera  data  because  the  instability  of  the  time 
derivatives  of  the  displacement  curve  from  which 
they  were  obtained  caused  unreliability  of  the 
data  here. 

Oscillations,  the  frequency  of  which  was 
about  200  Hz,  are  clearly  sho*n  for  Locations  2 
and  3  in  Fig.  2.  These  were  probably  caused  by 
free  lateral  beam  vibrations  since  this  type  of 
vibration  had  a  frequency  of  about  200  Hz  for 
both  test  cylinders,  which  were  hollow  and  prac¬ 
tically  identical  in  weight  and  construction  at 
these  two  positions.  Smaller  amplitude  vibra¬ 
tions  with  less  clearly  defined  frequencies  are 
shown  In  Fig.  2  for  the  solid  test  cylinders  at 
Locations  4,  5,  6  and  7.  These  are  probably  also 
mainly  due  to  free  lateral  beam  vibrations.  The 
velocity  transducer  data  for  Location  1  (Fig.  2) 
contained  large  amplitude  oscillations  which  were 
probably  principally  due  to  oscillations  In  the 
large  thin  walled  cylinder  used  here. 

The  camera  data  Indicated  dust  free  radial 
flow  at  Location  1,  with  the  cylinder  travelling 
so  straight  that  both  nagnets  could  be  seen  leav¬ 
ing  the  colls  on  the  same  film  frame.  Also,  nearly 
zero  rotation  about  the  cylinder  axis  occurred. 

The  same  conditions  were  observed  In  the  film  from 
Location  2  with  the  exception  that  a  small  amount 
of  dust  was  visible. 

The  largest  probable  error  In  the  results 
was  due  to  the  error  in  measurement  of  overpres¬ 
sure.  The  error  in  peak  Incident  overpressure 
was  estimated  to  be  about  t  !>  percent.  This  is 
less  than  the  error  estimated  for  Operation  PRAIRIE 
FLAT  [2]  due  to  the  near  proximity  and  time  of  ar¬ 
rival  detectors  from  which  the  pressures  were 
taken  in  Event  DIAL  PACK  [7]-  The  value  of  k, 
which  determined  the  rate  of  decay  of  the  pres¬ 
sure  wave  was  subject  to  error  due  to  oscilla¬ 
tions  appearing  in  the  pressure-records  [7]  from 
which  they  were  evaluated.  However,  the  total 
error  in  the  overpressures  used  in  the  analysis 
are  estimated  to  be  lower  than  10  percent  at  all 
times  after  the  blast  front.  Good  agreement  Is 
shown  in  Tables  2  and  3  between  camera  and  trans¬ 
ducer  results  at  the  two  positions  where  both 
methods  were  used,  which  Indicated  the  reliabil¬ 
ity  of  both.  Also  the  results  at  Location  2  agree 
with  the  results  obtained  by  the  camera  method  in 
Operation  PRAIRIE  FLAT  at  the  12.0  psi  location 
[2].  Good  agreement  between  both  methods  of  trans¬ 
ducer  calibration  was  found  for  all  positions  ex¬ 
cept  Location  6  where  a  discrepancy  of  about  25 
percent  occurred.  The  calibration  by  direct 
method,  used  in  calibration  of  the  results  at  Lo¬ 
cation  6,  is  reliable  because  it  was  done  after 
the  trial  end  carefully  checked  for  errors  after 
the  disagreement  was  found. 

The  slope  of  the  straight  lines  In  the  log- 
log  plot  of  drag  pressure  impulse  versus  incident 
overpressure  (Fig.  5)  shows  that  the  drag  pressure 
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Impulse  after  10  to  20  milliseconds  varied  ap¬ 
proximately  as  the  square  of  the  overpressure 
(the  slope  of  the  20  ms  line  yields  an  exponent 
of  1.9).  The  results  of  strain  measuiemert  on 
the  lattice  masts  indicated  that  the  strain  in 
the  masts  varied  as  ti.o  square  of  the  overpres¬ 
sure  also,  and  that  the  quarter  periods  of  the 
fundamental  modes  of  the  large. masts  were  about 
12-1/2  milliseconds  [10].  This  indicated  that 
the  load  imparted  to  the  mast  by  the  blast  wave 
was  directly  proportional  to  the  drag  pressure 
impulse  for  the  quarter  period  of  the  fundamen¬ 
tal  mode.  Consequently,  strains  in  the  mast 
members  in  the  elastic  regime  can  be  estimated 
in  the  pressure  range  tested,  at  least,  when  the 
drag  pressure  Impulse  is  known. 

The  acceleration  coefficient  for  each  cyl¬ 
inder  was  never  greater  than  0.050  in  the  time 
range  tested.  This  indicated  that  fluid  accel¬ 
eration  is  unimportant  because  the  work  of  Keim 
[11]  and  Selberg  and  Nicholas  [12]  has  shown 
that  the  effect  of  fluid  acceleration  on  the 
drag  coefficient  is  substantial  only  when  the 
acceleration  coefficient  is  greater  than  0.20. 

CONCLUSIONS 

The  high  speed  camera  method  and  velocity 
transducer  method  were  both  found  to  be  reliable 
for  measuring  aerodynamic  loading  of  the  circu¬ 
lar  cylinders  tested  in  a  large  spherically  ex¬ 
panding  blast  wave.  Drag  pressure,  drag  pres¬ 
sure  impulse  and  drag  coefficients  obtained  by 
these  methods  are  listed  in  Tables  2  and  3  for 
cylinders  tested  at  peak  incident  overpressure 
locations  of  5.9  to  20.5  psi.  Also  a  summary  of 
the  drag  coefficients  obtained  is  given  in  Table 
4. 

The  velocity  transducer  method  could  be  used 
at  higher  overpressures.  In  future  trials  new 
drag  information  could  be  obtained  at  these  lit¬ 
tle  explored  pressures. 
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DIAL  PACK  BLAST  DIRECTING  EXPERIMENT 


L.E.  Fugelao,  S.F.  Fields,  W.J.  Eyme 
General  Aiaerican  Research  Division 
Niles,  Illinois. 


A  two-ton  TNT  blast  directing  experiment  was 
undertaken  to  extend  the  capabilities  of  the  blast 
directing  technique  and  to  verify  the  accuracy  of 
code  predictions  and  predictions  based  on  scaling 
considerations.  This  experiment  was  conducted  at 
the  Defense  Research  Establishment  (Suffield,  Alberta) 
of  the  Canadian  Department  of  National  Defense  as  a 
part  of  Operation  DIAL  PACK.  Several  individual  TNT 
charges  weighing  66  pounds  each  were  distributed  over 
a  semi-circular  disx  37.5-feet  in  radius  and  detonated, 
causing  an  air  blast  which  was  measured  by  total  and 
oide-on  pressure  gages  placed  in  the  one-dimensional 
flow  region  and  beyond.  On  the  blast  suds,  ground 
motion  induced  by  the  air  blast  was  also  measured. 

The  experimental  data  have  been  correlated  with 
smaller  yield  blast  directing  data  and  theoretical 
predictions,  and  compared  with  data  from  larger  yield 
HE  hemispheres.  These  results  show  that  the  two-ton 
TNT  blast  directing  experiment  simulated  the  air 
blast,  over  a  limited  area,  from  a  larger  yield 
HE  detonation. 


IFfRODUCTION 

The  basic  concept  of  the  blast  directing 
technique  is  that  the  detonation  of  explosives 
distributed  in  a  planar  array  can  be  used  to 
generate  an  air  blast  whose  time  history  at 
a.  given  peak  overpressure  will  simulate  the 
blast  wave  generated  by  the  detonation  of  a 
TNT  hemisphere  of  larger  yield.  It  is  well 
known  that  for  equal  weights  of  explosive 
charge,  the  pressure  decay  associated  with  a 
one-dimer.sional  blast  wave  is  much  less  than 
that  accompanying  a  spherical  blast  wave.  Blast 
characteristics  in  the  first  case  are  similar 
to  those  occurring  in  a  shock  tube  while  in  the 
second  case  they  are  similar  to  those  produced 
by  an  unconfined  explosion.  For  this  reason, 
the  blast  directing  technique  can  produce  blast 
effects  which  appear  to  have  been  produced  by 
a  much  larger  explosive  charge  than  what  has 
actually  been  used.  This  technique  therefore 
makes  it  possible  to  study  various  air  blast 
effects  with  substantially  less  explosive  than 
would  normally  be  required. 

Previous  experiments  at  the  General  Ameri¬ 
can  Research  Division's  Ballistic  Test  station 
with  100  pounds  of  TNT  distributed  over  half 


discs  indicated  that  this  type  of  planar  array 
could  generate  a  blast  wave  with  enhanced,  dur¬ 
ation,  over  a  limited  area.  The  current  exper¬ 
iment  was  undertaken  to  extend  the  capabilities 
of  the  technique  and  to  verity  the  accuracy  of 
code  predictions  and  predictions  based  on  scal¬ 
ing  considerations. 

The  experiment  was  conducted  on  August  6, 
1970,  at  the  Defense  Research  Establishment 
(Guffield,  Alberta)  os  a  part  of  Operation  DIAL 
PACK. 

Figure  1  shows  the  plan  view  of  the  exper¬ 
iment.  There  is  a  triangular  region  in  which 
the  blast  wave  generated  by  the  system  is  plan¬ 
ar.  The  region  i3  gradually  eroded  by  a  rare¬ 
faction  wave  emanating  from  the  edge  of  the 
array.  From  strong  shock  theory  the  extent  of 
the  plane  wave  region  can  be  calculated.  Tha 
maximum  extent  along  the  blast  axis  is  H, 

where  R  is  the  radius  of  the  TNT  array.  In 
addition,  that  part  of  the  plane  wave  region 
with  duration  longer  than  the  decay  time  to 
half-peak  pressure  has  a  maximum  extent  of 
1.2ltR  along  the  blast  axis.  It  iu  in  this  re¬ 
gion  close  to  the  array  that  the  optimum  zone 
for  durution  enhancement  of  the  blast  wave 
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occurs.  However,  the  plane  wave  region  does 
not  start  at  the  array.  Closer  in,  the  shock 
waves  caused  by  the  individual  charge  detona¬ 
tions  will  be  discemable. 


Fig.  1  -  Plan  View  of  Blast  Directing  Experiment 


The  blast  directing  concept  was  originated 
by  Balcerzak,  Johnson  and  Kurz  [l].  They  made 
numerical  computations  of  the  pressure-time 
histories  in  the  one-dimensional  flow  region 
behind  the  blast  front  for  discs  of  TNT,  FETN 
and  CH4/O2.  In  the  one-dimensior.al  flow  region, 
longer  duration  from  the  arrival  of  the  planar 
shock  to,  say,  the  tine  to  half-peak  overpres¬ 
sure  is  attained  than  for  a  hemispherical  ex¬ 
plosive  charge  of  the  same  weight.  Undberg'  [2] 
in  a  study  of  blast  wave  simulation  techniques, 
came  to  a  similar  conclusion  using  the  theoreti¬ 
cal  similarity  solution  pressure-time  histories 
for  one-dimensional  and  spherical  blast  waves 
(the  similarity  solutions  are  due  to  Sedov  [3] 
and  Korobeinikov  [4]  ).  Lucole  and  Balcerzak  p] 
experimentally  verified  the  concept  for  100- 
pound  charges  of  TNT,  Primacord  and  CHt/Og 
(in  a  diac-ahaped  balloon).  Lindberg  [2]  con¬ 
ducted  similar  experiments  using  Primacord  and 
sheet  explosives. 


EXPERIMENTAL  PROCEDURE 

Two  tons  of  TNT  were  distributed  in  a  plan¬ 
ar  array  over  a  half  circle  of  37.5-foot  radius. 
The  chargee  in  the  array  were  composed  of  a 
number  of  33-pound  cant  TNT  blocks,  each  block 
measuring  12  by  12  by  4  inches.  The  blocks 
were  suspended  from  a  charge  support  system 
constructed  of  telephone  poles,  wood  beams  and 
steel  cables.  A  drawing  of  the  array  showing 
the  details  of  the  charge  ajsembly  is  presented 
in  Figure  2.  There  were  o2  charge  locations;  at 
60  of  these  were  two  33-pound  blocks,  while 
single  blocks  veje  ut  the  remaining  two  locar- 
tions.  The  to+al  weight  of  TNT  was  nominally 
4026  pounds.  The  actual  weight  of  each  block 
was  32.  (’  pounds,  30  that  the  total  charge  weight 
was  39  77  pounds.  The  vertical  spacing  between 


the  center  of  mass  of  each  charge  was  6'-0", 
and  the  horizontal  spacing  was  6' -3";  these 
dimensions  were  chosen  to  attain  a  uniform 
charge  density  per  unit  area.  The  area  density 
of  the  array  was  1.80  lbs  TNT/ft^. 


Fig.  2  -  Two-Ton  Blast  Directing  Experiment 
Charge  Array 

Each  66-pound  tandem  block  was  mounted  in 
the  array  in  the  following  manner.  Two  strands 
of  400-grain  per  foot  Primacord,  each  strand 
consisting  of  four  strands  of  100-grain  per  foot 
Primacord  in  parallel,  were  placed  between  each 
pair  of  33-pound  blocks;  the  blocks  were  mounted 
between  two  1/4-inch  thick  sheets  of  plywood; 
and  this  whole  rig  was  suspended  on  steel  cable 
from  the  charge  support  structure,  A  hole  was 
provided  through  the  center  of  the  TNT  blocks 
for  the  steel  cable.  The  Primacord  was  used  to 
detonate  the  TNT.  Photographic  records  from 
previous  experimental  tests  of  individual  66- 
pound  tandem  blocks  indicated  that  detonation 
ultimately  occurred  with  this  configuration,  A 
detonation  cord  assembly  was  constructed  to  en¬ 
sure  simultaneous  detonation  of  the  array. 

Equal  lengths,  86.7  feet,  of  speed  tested  Prima- 
eord  ran  from  the  detonator  to  each  TNT  block. 

The  detonation  velocity  of  the  Primacord  was 
22500  i  400  feet  per  second.  Dual  7-grain  PETN 
detonators  (Type  X  -  128  High  Energy  Seismocaps)* 
were  used  to  igiite  the  Primacord. 


*  TM  Canadian  Industries,  Ltd. 
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The  det.-nation  and  air  blast  Wei's  moni¬ 
tored  by  pressure  gages.  Both  total  pressure 
and  side-on  pressure  were  measured.  BRL  had 
the  responsibility  for  emplacement  of  these 
gages,  as  veil  as  recording  and  reducing  the 
data.  Figure  3  shows  the  locations  of  the 
pressure  gages.  In  addition  to  the  gages 
shown,  two  gages  were  installed  on  the  blast 
axis  530  and  850  feet  from  the  array.  The 
total  pressure  gages  were  approximately  1.5 
feet  above  the  surface,  while  the  side-on 
pressure  gages  were  flush-mounted  in  concrete 
pedestals.  Photographic  coverage  of  the  event 
was  provided  by  several  Fastax  and  Millikin 
cameras. 

Ground  motion  gages  were  placed  along  the 
blast  axis  at  1.5-foot  and  5-foot  depths. 
Either  accelerometers  or  velocity  gages  were 
used.  Figure  4  shows  the  location  and  type 
of  each  gage.  WES  had  the  responsibility  for 
installation  of  these  gages  and  the  recording 
and  reduction  of  the  ground  motion  data. 


EXPERIMENTAL  RESULTS 

Figure  5  shows  the  sequence  of  the  deton¬ 
ation  from  the  front  of  the  array.  The  framing 
rate  for  this  sequence  is  5465  frames  per 
second.  Figure  6  shows  a  close-up  of  the 
ignition  of  the  Primacord  system.  Ignition 
of  the  TNT  blocks  was  very  nearly  simultaneous; 


less  than  0.1  millisecond  separated  the  indivi- 
sual  detonations.  Figure  7  shovs  the  fireball 
after  the  individual  fireballs  have  coalesced. 
Post-shot  inspection  of  the  blast  debris  about 
the  test  site  indicated  that  the  detonation 
was  symmetric  about  the  blast  axis. 

Typical  experimental  overpressure- time 
records  taken  at  ranges  of  10,  50  and  105  feet 
along  the  blast  axis  sue  shown  in  Figure  8.  The 
gage  at  10  feet  shows  several  peaks  which  are 
attributable  to  the  signals  from  individual 
charges.  The  first  shock  that  passes  the  geige 
at  50  feet  is  planar;  the  decay  of  the  pressure 
behind  the  shock  ir  that  of  a  plane  shock  until 
a  rarefaction  wave  from  the  edge  of  the  explo¬ 
sive  array  arrives.  When  this  rare faction  wave 
arrives,  as  indicated  by  the  small  arrow  on  the 
graph,  there  is  a  sharp  break  in  the  pressure 
decay  curve.  This  change  in  slope  occurs  at 
smaller  time  intervals  after  the  shock  arrival 
as  the  range  from  the  array  increases.  The 
decay  rate  before  the  arrival  of  the  rarefaction 
wave  is  roughly  half  the  rate  thereafter.  The 
overpressure-time  profiles  at  the  105-foot  gage 
locations  shows  a  smooth  decay  after  shock  arri¬ 
val. 

Typical  ground  motion  records  are  shown  in 
Figure  9.  The  vertical  and  horizontal  acceler¬ 
ations,  velocities,  and  displacements,  which 
were  integrated  from  the  acceleration  record, 
are  shown  for  the  50-foot  range,  1.5-foot  depth. 
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Fig,  3  -  Blast  Directing  Experiment 
Qage  Locations 


Fig.  4  -  Location  of  Ground  Motion  Gages 
on  Blast  Axis 
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Fig.  7  -  Fully  Developed  Fireball  (Front  View) 
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Fig.  9  -  Typical  Ground  Motion  Records  at  r  =  50  Ft.  ",  -  1.5  Ft. 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 

According  to  strong  shock  theory,  the  max¬ 
imum  extent  of  thj  plane  wave  region  along  the 
bloat  axis  is  */&  R,  where  R  is  the  radius 
of  the  array.  Dimensional  analysis  indicates 
that  for  a  given  peak  overpressure,  the  distance 
from  the  array  scales  inversely  with  the  charge 
weight  per  unit  area  within  this  plane  wave 
region  and  inversely  with  the  cube  root  of  the 
total  charge  weight  for  the  region  beyond 
Close  to  the  array,  the  shock  waves  caused  by 
individual  charge  detonations  will  be  discerni¬ 
ble.  In  this  region,  another  parameter,  namely, 
charge  spacing  over  the  cube  root  of  the  indivi¬ 
dual  charge  weight,  must  also  be  considered. 
Insufficient  data  were  taken  in  this  region  for 
comparative  purposes.  However,  the  peak  over¬ 
pressure  versus  scaled  range  data  together  with 
the  results  of  the  AFWL  two-dimensional  axi- 
symmetric  code  calculations  shown  in  Figures 
10  and  11  indicate  that  this  region  extends  for 
at  least  5  charge  spacings  from  the  array. 

This  conclusion  is  in  general  agreement  with  the 
results  of  additional  AiVL  code  calculations  for 
peak  overpressure  versus  range  for  on  infinite 
line  charge  distribution  and  an  infinite  line 
of  spherical  charges. 

Figure  iu  allows  the  peak  overpressure 
versus  scaled  range  data  in  the  plane  wave 
region,  in  this  figure,  x  is  the  range  meas¬ 
ured  perpendicular  to  the  piano  of  the  array. 

The  similarity  solution  for  an  Infinite  sheet 
explosive  due  to  Korobeinikov  [tj  la  also 


plotted  on  the  graph,  together  with  the  AFWL 
two-dimensional  axisymmetric  code  predictions. 
The  AfWL  code  predictions  start  with  the  TNT 
charge  distributed  in  unequal  tori.  Also  shown 
are  the  points  from  the  100-pound  TNT  blast  di¬ 
recting  experiments.  [5]  Figure  11  shows  the 
peak  overpressure  versus  scaled  range  data 
for  the  gages  beyond  the  plane  wave  region. 
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Fig.  10  -  Peak  Overpressure  Vs.  Range 
One  Di  mens  ion  ai  Flow  Region 
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In  this  figure,  r  ia  the  slant  range  measured 
from  the  center  of  the  array.  The  AFWL  code 
predictions,  the  100-pound  data  and  experimen¬ 
tal  data  for  the  detonation  of  a  TNT  hemisphere 
[6]  are  also  shown  on  the  graph.  In  both 
figures,  the  two-ton  blast  directing  data  have 
been  scaled  using  a  total  effective  charge 
weight  of  1600  pounds.  By  scaling  the  data  in 
this  manner,  a  concurrence  of  theory,  scaled 
predictions  and  two-ton  blast  directing  data 
is  obtained. 


Fig.  11  -  Peak.  Overpressure  Vs.  flange  - 

Beyond  One  Dimensional  Flow  Region 


The  low  effective  total  charge  weight  is 
attributed  to  the  finite  induction  distance 
necessary  for  sympathetic  detonation  of  the 
TNT  as  cast.  The  shock  induced  in  the  TNT 
by  the  detonation  of  the  Primacord  must  propa¬ 
gate  a  certain  distance  before  a  self-sustaining 
detonation  is  generated.  There  is  some  exper¬ 
imental  evidence  that  this  induction  distance 
ie  about  **  inches  for  the  1?  by  12  by  lt-inch 
cast  TNT  blocks  at  Suffield.  [? , 8]  The 

conclusion  in  this  case  is  that  in  each  block 
tho  TNT  contained  in  6-inch  diameter  cylinders 
surrounding  tho  two  Primacord  strands  deflagra¬ 
ted  rather  than  detonated.  That  is,  50  percent 
of  the  TNT  deflagrated.  TJius  the  effective 
total  charge  weight  for  the  shock  front  over¬ 
pressures  is  about  1600  pounds. 

Uculed  positive  phase  overpressure  iitpulse 
data  is  plotted  versus  scaled  range  in  Figure 
12  together  with  the  curve  for  a  TNT  hemisphere 
and  AFVL  code  predictions  for  both  one  und  two 
tons  of  TNT.  The  blast  directing  duta  has  been 


scaled  using  total  charge  weights  of  1600 
pounds  and  3977  poinds.  Once  again,  reasonable 
agreement  is  obtained  between  the  AFWL  code  pre¬ 
dictions  and  the  blast  directing  data  using 
the  lower  effective  total  charge  weight.  The 
positive  phase  overpressure  Impulse  data  is 
substantially  enhanced  in  comparison  with  the 
curve  for  a  TNT  hemisphere  in  this  case,  par¬ 
ticularly  in  the  range  corresponding  to  the  re¬ 
gion  near  the  fireball. 

Essentially  the  sasie  positive  phase  over¬ 
pressure  ispulse  data  presented  in  Figure  12  is 
plotted  versus  peak  overpressure  In  Figure  13* 
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Fig.  12  -  Positive  Phase  Overpressure 
Inpulse  Vs,  Range 
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Fig.  13  -  Positive  Phase  Overpressure 
Impulse  Vs.  Peak  Overpreusure 


This  particular  plot  la  not  very  informative 
as  to  the  effective  total  charge  weight  for  the 
blast  directing  experiment.  This  is  due  pri¬ 
marily  to  both  the  positive  phase  overpressure 
impulse  data  and  the  peak  overpressure  data 
being  lower  than  expected.  Nevertheless,  en¬ 
hancement  of  the  positive  phase  overpressure 
impulse  data  over  the  curve  for  a  TNT  hemisphere 
is  again  evident,  particularly  at  high  peak 
overpressures. 

Cube  root  scaling  has  been  used  in  both 
Figures  12  and  13.  This  is  not  strictly  correct 
for  data  obtained  at  points  close  to  the  blast 
directing  array  due  to  one-dimensional  flow 
effects.  The  curves  based  on  the  AFWL  code 
predictions  give  an  indication  of  this,  lhe 
most  interesting  one- dimensional  flow  effect 
can  be  seen  in  Figure  13  where  the  region  of 
significant  enhancement  extends  to  lower  peak 
overpressures  for  the  lower  charge  weight 
(1  ton).  Finally,  while  the  blast  directing 
data  has  been  scaled  using  total  charge  weights 
of  1600  and  3977  pounds  for  these  two  figures, 
an  intermediate  total  charge  weight  might  also 
be  appropriate,  since  the  impulse  data  un¬ 
doubtedly  was  affected  by  the  TNT  that  deflag¬ 
rated  as  well  as  the  TNT  that  detonated. 

Vertical  ground  motions  induced  by  air 
blast  loading  may  be  correlated  on  the  basis  of 
ground  moticn-to-alr  blast  ratios.  The  ratio 
of  peak  vertical  acceleration-to-peak  over¬ 
pressure  versus  peak  overpressure  and  the  ratio 
of  peak  vertical  velocity-to-peak  overpressure 
versus  peak  overpressure  are  shown  in  Figures 
l1!  and  15.  On  each  graph,  the  same  parameters 
are  plotted  for  the  ground  motion  of  the  blast 
directing  experiment  as  for  several  spherical 
and  hemispherical  TNT  detonations  in  the  same 
soil ■  Included  are  the  Distant  Plain  Events  6, 
1A  and  3  and  the  Flat  Top  II  and  III  events  £9J. 
The  overpressures  used  in  the  calculation  of 
these  ratios  were  not  corrected  for  Initial 
pressure  in  order  that  the  comparison  with  the 
other  HE  data,  al30  not  corrected,  but  at  the 
same  initial  pressure,  might  be  shown. 

The  blast  directing  ground  motion  points 
fall  within  the  scatter  of  the  other  HE  exper¬ 
iments.  The  general  trend  in  both  graphs  is 
toward  lower  values  of  these  ratios  with  in¬ 
creasing  peak  overpressure. 

The  magnitudes  of  the  peak  vertical  velo¬ 
city  attenuate  with  depth,  averaging  3EX  less 
at  the  5-foot  depth  than  at  the  1.5- foot  depth. 
For  comparison,  the  Distant  Plain  6  attenuation 
was  about  k0%  in  the  3ame  overpressure  range. 
7hl3  difference  may  be  attributed  to  the  much 
smaller  net  yield  in  this  experiment  or  the 
associated  shorter  pooltive  phase  duration. 


of  clay  overlying  bed  rock.  Above  the  water 
table,  at  a  depth  of  25  feet,  there  is  a  dry 
clay  with  a  P  wave  velocity  of  about  1050  feet 
per  second.  At  the  water  table,  the  P  wave 
velocity  Jungps  to  5100-5500  feet  per  second.  £lo] 
The  observed  wavefront  patterns  are  P  waves 
attached  to  the  air  shock  which  is  supersonic 
with  respect  to  the  upper,  dry-clay  layer. 

Later  portions  of  the  motion  profiles  indicate 
either  reflected  waves  or  refruuted  vavt.:  from 
the  top  of  the  water-saturateu  layer  or  from 
bedrock;  or  directly  transmitted  waves  from 
the  explosive  array. 
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Fig.  1*»  -  Ground  Motion  Correlation,  Peak 

Acceleration  to  Peal:  Overpressure 
Ratio  Versus  Peak  Overpressure 
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The  ground  shock  profile  io  plotted  in 
Figure  16,  using  the  time  of  arrival  for  air 
shock  and  ground  shock  measured  from  the  deton¬ 
ator  Initiation,  'ttie  coil  structure  in  the 
general  area  consists  of  a  200- foot  thick  layer 


Fig.  15  -  '•round  Motion  Correlation,  Peak 
Vertical  Velocity  to  Peak  Over¬ 
pressure  Ratio  Versus  Peak 
Overpressure 
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Fig.  \6  -  Approximate  Location  of  F  Wavefront 
Due  to  Blast  Directing  Array 


CONCLUSIONS  AND  RECOMMENDATIONS 


experimental  reaulta  of  theae  teata  verify 
,  “last  directing  concept.  The  data  taken 
in  the  tvo-tor.  teat  vaa  aomevhat  anomalous. 
While  the  reaulta  are  explainable,  the  use  of 
this  corrected  data  ahould  not  be  imed  to  ex¬ 
trapolate  to  much  higjer  yielda.  Another  blaat 
directing  experiment  of  aimilar  or  slightly 
larger  yield  ahould  be  conducted  to  (1)  elimin¬ 
ate  the  anomoloua  lover  yield  factor  and  (a) 
to  obtain  a  statietically  significant  baaia  for 
extrapolation  to  hig»er  yielda. 


The  array  as  deaigned  allowed  the  develop¬ 
ment  of  a  one- di mention al  flow  region  only  at 
ranges  where  the  peak  overpressure  vaa  less 
than  IOC  psi.  Smaller  Individual  chargee  and 
smaller  charge  spacinge  are  recommended  to 
give  a  larger  effective  teat  region  with  higher 
peak  overpressures. 


The  blast  directing  array  generates  a 
pressure  wave  which,  in  a  limited  area  extent, 
simulates  the  blast  wave  generated  by  the  deton¬ 
ation  of  a  larger  yield  hemispherical  charge. 
This  effect  is  most  pronounced  in  the  hi** 
overpressure  region.  Sufficiently  close  to  the 
array,  the  radius  of  curvature  of  the  blaat 
front  i3  larger  and  the  tine  of  decay  to  half¬ 
peak  overpressure,  for  exaxqple,  is  extended 
compared  to  a  hemispherical  burst  of  the  same 
weight. 


The  detonation  efficiency  of  the  recast 
TOT .with  regard  to  the  peak  overpressure  and 
positive  phase  overpressure  lagmlie  data  was 
somewhat  less  than  50?.  Better  preparation  of 
the  TUT  is  necessary  and/or  a  better  ipjition 
system  should  be  devised  to  ensure  more  cosplete 
detonation  of  the  TUT.  This  recommendation 
includes  further  investigation  of  the  ignition 
and  detonation  of  cast  TNT.  As  an  alternative, 
a  different,  more  sensitive  explosive  such  as 
Pentolltft  could  be  used. 


At  the  conclusion  of  this  test,  five  blast 
directing  experiments  with  TNT  have  been  per¬ 
formed,  four  at  100  pounds  and  one  at  two  tons. 


This  woric  was  conducted  for  the  Defense 
Atomic  Support  Agency  under  Contract  DASA 
01-70-C-0107. 
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DISCUSSION 


Mr.  Hughes  (Naval  Weapons  Evaluation 
Facility):  Could  you  give  me  the  name  of  tSe 
AfWl  code  and  an  individual  contact  at  the 
Air  Force  Weapons  Laboratory? 


Mr.  Fields:  Hie  individual  was  Charles 
Needham,  I  believe,  and  I  do  not  remember  the 
name  of  the  code.  I  should  add  that  the  Air 
Force  Weapons  Laboratory  not  only  did  the 
exact  or  copredictions  for  this  experiment  per 
se,  but  they  also  studied  line  change  distribu¬ 
tion,  fully  linear  line  charge  distributions,  and 
one  consisting  of  spherical  charges  on  a  line. 
The  copredictions  here  were  not  for  an  array 
exactly  as  shown.  In  reality  the  copredictions 
were  for  torrla  of  charges  that  were  unequal 
In  size,  sort  of  a  geometrical  layout  to  approx¬ 


imate  the  array.  This  was  a  two  dimensional 
axisymmetrtc  code. 

Mr.  Baber  (Southwest  Research  Institute): 
Some  years  ago  I  think  the  people  at  Stanford 
used  small  arrays  of  prlmacord  or  strips  of 
deta  sheet  to  do  something  similar  to  this,  that 
is  close- in  to  give  a  more  nearly  plane  rather 
than  a  spherically  diverging  shock.  Do  you 
know  about  this? 

Mr.  Fields:  Yes,  as  a  matter  of  fact  cue 
of  the  references  for  some  other  similarity 
solution  work  that  we  do  was  by  LlnAerg  and 
his  experiments  on  a  much  smaller  scale.  I 
believe  he  was  Interested  more  studying  re¬ 
flected  pressures  but  the  Ideas  are  quite  simi¬ 
lar. 
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BLAST  FIELDS  ABOUT  ROCKETS 
AND  RECOILLESS  RIFLES 


W.  E.  Baker,  P,  S,  Weatine,  and  R.  L,  Betsey 
Southwest  Research  Institute 
San  Antonio,  Texas 


This  paper  summarizes  the  results  of  an  extensive  series  of  measure* 
ments  that  were  made  on  the  blast  fields  generated  by  recoilless  rifles 
and  six  different  types  of  solid-propellant  rocket  motors.  Peak  over¬ 
pressures  and  positive  impulses  are  reported  for  blast  waves  in  free 
air  as  well  as  waves  reflected  from  plane  surfaces  located  near  the 
woapons.  Test  techniques  are  also  described.  Model  laws  are  given 
for  scaling  pressures  and  impulses  in  the  blast  fields  about  recoilless 
rifles,  and  these  laws  are  corroborated  by  comparison  with  experi¬ 
mental  results  from  these  and  previous  tests.  Attempts  made  to  gen¬ 
erate  scaling  laws  for  prediction  of  blast  parameters  about  rockets 
proved  unsuccessful.  Significant  differences  were  observed  in  the 
characteristics  of  pressure  fields  generated  by  different  rockets,  and 
these  differences  are  discussed  in  this -paper. 


INTRODUCTION 

A  gun,  fired  in  the  vicinity  of  an  aircraft, 
boat,  armored  carrier,  or  personnel,  emits  a 
severe  blast  pressure  wave  from  the  muzzle 
(and  breech  if  it  is  not  closed-breech),  which 
can  cause  sei  ious  damage.  In  1968,  experi¬ 
mentally  verified  scaling  laws  were  developed 
which  permit  the  prediction  of  muzzle  blast 
pressures  and  impulses  in  the  free  field  around 
muzzles  of  closed-breech  weapons,  and  im¬ 
parted  to  panels  underneath  them  [l, la].  Open- 
breech  weapons,  such  as  rocket  motors  and  re¬ 
coilless  rifles,  also  emit  severe  blast  pres¬ 
sure  waves.  The  primary  purpose  of  this 
study  is  to  develop  scaling  laws  for  predicting 
the  blast  pressure  and  impulse  fields  around 
these  types  of  weapons.  This  paper  summa¬ 
rizes  a  much  larger  report  [2]  which  should  be 
obtained  by  those  wishing  greater  detail. 

To  date,  fewer  blast  pressure  measure¬ 
ments  have  been  made  about  open-breech  (re- 
roilless  rifles)  than  closed-breech  weapons. 
[Jeak  free-field  overpressures  have  been  mea¬ 
sured  and  reported  in  some  tests  f3  through  10}: 
however,  until  now.  insufficient  free-field  im¬ 
pulse  data  [3,  8,  and  1]  existed  to  create  a 
Mealing  law  for  any  blast  property  other  than 
peak  free-field  overpressure  about  recoilless 


rifles.  Also,  until  now,  absolutely  no  recoil¬ 
less  rifle  reflected  pressure  or  reflected  im¬ 
pulse  data  existed;  hence  it  has  not  been  pos¬ 
sible  to  estimate  the  transient  loads  imparted 
to  a  panel  by  a  recoilless  rifle  breech  or 
muzzle  blast. 

Even  less  blast  pressure  or  impulse  data 
near  rockets  have  existed  to  date.  Three  data 
points  [1 1]  for  blast  pressures  from  rockets 
(imparted  to  the  tail  boom  of  a  UH-IB  heli¬ 
copter)  were  known  to  the  authors  by  1968  [1], 
Since  then,  some  peak  pressure  measurements 
were  reported  by  Groetzinger  fl2,  13]  for  sev¬ 
eral  modifications  of  the  Light  Antitank  Weap¬ 
on  (LAW).  Unreported  data  on  LAW  and  2.75- 
in.  rockets  were  also  available  from  person¬ 
nel  in  the  Human  Engineering  Laboratory  at 
Aberdeen  Proving  Ground  [14),  Unfortunately, 
the  rocket  blast  data  from  these  sources  were 
recorded  at  only  two  locations  (one  at  2  meters 
from  the  breech  of  the  weapon,  the  other  at  the 
gunners'  head  position). 

Although  these  more  recent  data  are  use¬ 
ful,  they  are  too  limited  to  define  blast  pres¬ 
sure  or  impulse  fields.  Absolutely  no  reflected 
pressure  or  reflected  impulse  data  presently 
are  available  other  than  the  three  data  points 
referred  to  in  Ref.  (5). 
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In  order  to  conduct  a  similitude  analysis 
and  to  empirically  generate  aom*  procedures 
for  predicting  peak  pressures  and  positive  im¬ 
pulses  from  rockets  and  recoilless  rifle  blasts 
in  the  free  field  and  incident  upon  plane  sur¬ 
faces,  it  was  necessary  to  take  our  own  data 
about  recoilless  rifles  and  rockets.  In  this 
paper,  we  summarize  a  blast  pressure  and 
impulse  measurement  program  to  obtain  data 
in  the  free  field  as  well  as  upon  reflection 
from  a  plane  surface.  We  will  also  describe 
a  procedure  developed  for  predicting  pres¬ 
sures  and  impulses  around  recoilless  rifles 
and  the  difficulties  encountered  when  attempt¬ 
ing  to  generate  a  similar  procedure  for  pre¬ 
dicting  blast  characteristics  of  rockets. 

DESCRIPTION  OF  EXPERIMENTS 

The  138  experiments  in  this  project  were 
conducted  at  an  outdoor  testing  range  located 
on  the  Southwest  Research  Institute  grounds. 
The  primary  test  area  consists  of  a  reinforced 
concrete  pad,  with  a'  support  and  thrust  stand 
located  at  its  center.  The  thrust  stand  is 
oriented  so  that  weapons  mounted  on  it  are 
aimed  at  an  impact  area  built,  into  the  aide  of 
a  hill,  about  150  feet  away.  Instrumentation 
is  housed  in  a  semitrailer. 

The  same  basic  instrumentation  system 
was  used  throughout  the  test  program.  Blast 
pressures  generated  by  the  weapon  upon  firing 
were  sensed  by  piezoelectric  transducers  and 
the  signals  from  the  transducers  amplified  by 
multi-channel  amplifiers.  The  amplified  sig¬ 
nals  were  transmitted  to  the  input  electronics 
of  a  multi-channel  magnetic  tape  recorder  lo¬ 
cated  in  the  instrument  trailer.  The  taped 
records  were  played  back  through  galvanom¬ 
eter-driver  amplifiers  and  recorded  as  analog 
signals  on  a  multi-channel  galvanometer 
oscillograph.  The  tape  recorder  has  FM 
input  and  playback  electronics,  with  a  fre¬ 
quency  response  flat  from  0  to  400  kHz.  To 
utilize  this  frequency  response  and  to  expand 
the  short-duration  blast  records  so  that  they 
could  be  manually  reduced,  data  were  record¬ 
ed  at  120  ips,  and  played  back  at  1-7/8  ips. 

The  galvanometer  oscillograph  was  run  at  32 
ips  for  analog  recording  of  all  records.  The 
upper  limit  on  frequency  response  for  the 
system  as  described  above  is  dictated  by  the 
frequency  response  of  the  galvanometers, 
which  was  32  kHz. 

The  actual  testing  procedure  was  essen¬ 
tially  the  same  for  all  experiments.  First, 
the  pressure  transducers,  either  free-field  or 
reflected,  were  mounted  and  their  locations 
determined  relative  to  the  weapon  by  using  a 


surveyor's  transit  and  measuring  tape.  The 
free-field  transducers  were  mounted  at  the 
ends  of  4-ft  tubes  which  were  in  turn  attached 
to  vertical  pipes  on  tripod  mounts  (the  gage 
array  for  57-mm  recoilless  rifle  tests  is 
shown  in  Fig.  1).  The  flush-mounted  trans¬ 
ducers  were  fitted  into  silicon  rubber  shock 
mounts  in  reflecting  surfaces  consisting  of 
large  plywood  tables  covered  with  1/8-in. 
aluminum  sheets.  Additional  4-  x  8-ft  area 
tables  with  no  aluminum  sheet  covering  were 
abutted  to  the  tables  containing  the  transducers, 
to  present  an  effectively  infinite  plane  for  blast 
wave  shock  reflection. 

After  emplacement  of  the  pressure  trans¬ 
ducers,  the  weapon  being  tested  was  mounted 
on  the  thrust  stand  and  fired.  For  each  weap¬ 
on  and  configuration  of  pressure  transducers, 
several  tests  were  conducted.  Usually,  the 
first  test  of  a  series  was  played  back  imme¬ 
diately  and  the  oscillograph  records  developed 
to  check  amplifier  settings.  Adjustments  were 
then  made  and  two  or  three  additional  tests 
conducted.  This  process  was  repeated,  chang¬ 
ing  gage  locations,  until  the  blast  field  was 
surveyed  as  completely  as  possible. 

Blast  fields  were  measured  about  the 
following  weapons  during  this  program: 

(1)  57-mm  recoillesa  rifle,  M18A1  (the  type 
of  shell  fired  from  this  rifle  was  a  train¬ 
ing  and  practice  round  with  a  small  spot¬ 
ting  explosive  charge,  with  designation 
M306AI), 

(2)  2.  75 -in.  rocket  motor,  Mark  40  Mod  3, 
with  propellant  grain  Mark  43  Mod  1 

(3)  2,  75-in,  rocket  motor,  Mark  1  Mod  3, 
with  grain  Mark  31  Mod  1 

(4)  5.  0-in.  rocket  motor  Mark  10  Mod  7 

(5)  4.  5-in.  rocket  T46 

(6)  4.  5-in.  rocket  Tl 61  E5 

(7)  66-mm  rocket  M72A1  (LAW), 

All  of  the  rockets  were  provided  with  inert- 
loaded  warheads.  Only  the  66-mm  LAW  rocket 
had  a  burning  time  sufficiently  short  to  allow 
flight  during  test.  Both  free-field  and  reflected 
blast  wave  measurements  were  made  for  weap¬ 
ons  (I)  through  (3)  while  only  free-field  mea¬ 
surements  were  made  for  weapons  (4)  through 
(7). 


186 


r 


Fig.  1.  Field  Setup  for  Free- Field  Blast  Measurements 
Around  57-mm  Recoilless  Rifle 


The  three  parameters  measured  for  each 
recorded  pressure-time  history  were:  (I)  peak 
overpressure,  (2)  impulse,  and  (3)  overpres¬ 
sure  duration.  Also,  time  of  arrival  data  were 
measured  in  many  cases,  although  some  diffi¬ 
culty  was  experienced  due  to  the  lack  of  defini¬ 
tion  of  time  zero.  Peak  overpressures  were 
obtained  by  measuring  the  peak  of  the  shock 
trace  directly  from  the  records  with  a  rule 
graduated  in  0.01-in.  increments,  and  multi¬ 
plying  by  the  appropriate  transducer  and 
system  calibration  factor.  The  time  duralion 
was  obtained  by  measuring  the  shock  trace 
duration  from  the  records  and  multiplying  by 
the  reciprocal  of  the  recording  oscillograph 
speed  divided  by  the  tape  recorder  speed  re¬ 
duction  of  h4.  The  impulse  was  obtained  by 
measuring  the  area  under  the  shock  traces 
with  a  planimeter  and  multiplying  by  both  of 
the  previously  -  mentioned  multiplicative 
factors. 

All  data  were  sorted,  and  the  final  results 
were  calculated  by  computer.  In  the  event 


that  several  shack  traces  were  present  on  a 
giv'jn  channel,  the  blast  parameters  were  cal¬ 
culated  for  the  most  prominent.  Complete 
num'-rica!  data  are  given  in  Appendices  to  the 
Final  Report  |2l. 

R  ESULTS 

There  are  a  number  of  characteristics  of 
the  weapons  we  tested  which  can  conceivably 
be  correlated  with  the  blast  field  generated 
when  the  weapons  are  fired.  Some  of  these 
characteristics  are  available  in  technical 
manuals  -r:d  ordnance  publications  describing 
the*  weapons.  These  references  do  not  list 
sll  of  the  characteristics  which  may  corre¬ 
late  with  the  blast  field.  We  have,  therefore, 
supplemented  information  from  these  manuals 
with  measurements  which  we  have  made  on 
disassembled  or  burned-out  rocket  motors 
nnd  with  data  available  from  other  sources. 
The  characteristics  of  the  various  weapons 
are  summarized  in  Table  I.  The  first  four 
columns  describe  the  geometry  of  the  rocket 
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TABLE  1 


Weapons'  Characteristics 


i 

i 

f 

i 

v*ar«« 

-  1  -  --  t-- 

Moter  ~r  1  Motor  or 
Ooro  |  B^rt 

i  L  O.  ,(i*J 

No*  cl* 
Thrcrt 

Art* 

!in.ll 

Noaala 

Exit 

Art* 

tl*-2! 

Total 
Prop.  Wt. 
(15.) 

Burning 

Tim* 

(••c.) 

Average 

ChunMr 
Pro* tor* 

(»i.i 

Round 

(Wt.  lb.) 

Launch  or 
Muasle 
Vel.,(fp*) 

Remark* 

37 -mm  RkoiIU** 

1 un*.  MUAl 

2.25 

3.04 

5.48 

0. 671 

■ 

5500 

2. 78 

1200 

Fine-grained  propellant 
contained  In  plastic  tack 

In  ah«U  eating. 

U  >lMR  LAW  R*<k#t 
M72AI 

t.4/i 

l.  2?4 

0. 507 

3.45 

0.14 

s.s«  ia-} 

4500 

1.32 

850 

19  hollow  cylindrical 
prop*Uant  grains. 

L?5‘UU  Reckat  Motor 
MX40  Mod  1.  Pro*. 
Crtut  MK43  MM  1 

133.3  • 

2.50 

0,  184 

1.35 

5.90 

1.59 

1959** 

12. 05 
(burnt) 

2300 

Slagl*  propellant  grain 
with  aiar-aheped  central 
hoi*. 

5.0- in.  Rctitf,  Motor 
MKiO  U#4  7.  Prop. 

<ir*.n  MM  9  46M  0 

• 

?JV  ' 

m 

*  . 
/)•« 

HI 

0,9- 1.4 
(1.15 
nominal) 

910** 

134 

1350 

Single  cruciform  pro¬ 
pellant  grain. 

~ 

Wochet,. 

74i 

m 

MB 

2.50 

■ 

4.TI 

4.75 

0.10-0.35 

920** 

40.0 

855 

30  h  illow  cylindrical 

grains  of  double -base 

propellant 

jTUiKJ 

tin  |  s.co 

_ L 

1.1M 

3. 98 

7.78 

0. 35-0.93 

_ _ 

1220**" 

42.0 

1-2  SO 

7  hollow  cylindrical 
graina  of  double-base 
propellant 

*  Thi.  roikrt  ^  by  email  fioatlaa. 

fh#  numhar  give  a  the  combined  *rca  rS  the  «ijc*  email  r.oazlct: 

oht  tower  wirn^r  c>***  th*  t©t*l  arc*  for  *11  no**!?*  pla*  central  blowout  am, 

Cor  ^ut*d  •••-KOiiig.-*  discharge  coefficient  Cj^  57*10* 

motor  casing  or  (he  chamber  of  Hie  recoilles* 
rifle.  The  next  three  columns  present  data  re¬ 
lating  to  the  propellant.  Total  weight  of  pro¬ 
pellant  in  the  round  is  given  for  each  weapon, 
followed  by  a  burring  tinvc  and  an  average 
chamber  pressure  wiihin  the  rocket  motor  or 
rifie  bore,  *  The  next  two  Columns  present 
data  for  the  projectile  which. can  allow  calcula¬ 
tion  of  its  maximum  kketic  energy.  Some  re¬ 
marks  concerning  the  propellantc  uoed  in  each 
weapon  are  jjiven  in  the  las'culu-  n. 


somewhat  by  design  rather  than  by  accident, 
because  we  wished  to  study  scaling  of  the  blast 
fields  from  rockets  and  recollleaa  rifles  and 
needed  to  have  as  large  a  variation  in  various 
characteristics  as  possible.  The  57-mm  re- 
coillesa  rifle  is  in  a  different  clas>»  from  all  of 
the  rocket  weapons  because  a  considerable 
quantity  of  free  -field  data  for  recoilles*  rifles 
exists  and  also  becau83.it  is  fundamentally  a 
different  type  of  weapon,  with  multiple  rather 
than  tingle  blast  sources. 


From  Tahte  1,  it.  can  be  seen  that  there  is 
a  wide  range  of  character  inice  in  the  weapons 
which  we  tested.  Some  contain  small  amounts 
of  propellant  and  have  very  short  burning 
ti.mea,  some  contain  intermediate  quantities  of 
propellants  and  have  much  longer  burning 
times,  while  the  weapon  with  the  largest 
amount  of  propellant  has  an  intermediate  burn- 
i  ,g  time.  This  variation  is,  of  course,  caused 


* 

The  chamber  pressure  indicated  by  a  douols 
attft.tii-ii  in  the  table  were  computed  from  the 
formuia  P<j  -  m/Cj^A,.,  where  fit  is  rr.ase 
burning  rate,  Cjj  is  a  discharge  coefficient, 
and  At  ia  lhro.\f  area.  The  tercr.  Cp  was 
computed  from  this  foivhula  for  the  LAW 
roc  ket  (P^  known),  and  assumed  constant  for 
all  other  Sockets. 


Blast  Parameters  for  57-mm  Reco illess  Rifle 

A  typical  set  of  free-field  blast  records 
for  this  weapon  is  shown  in  Fig,  2.  This  figure 
shows  the  analog  playback,  with  one  channel 
repeated  on  both  playback  records  for  time 
correlation.  To  sn  experimenter  accustomed 
to  measuring  air  blast  waves  from  compara¬ 
tively  "clean"  sources,  such  as  spherical  ex¬ 
plosive  charges,  these  records  may  seem  to 
he  quite  complex.  On  many  of  the  traces, 
multiple  shocks  are  evident,  and  relatively 
slowly  rising  pressures  are  apparent  for  some 
of  the  gage  traces.  These  ere  simply  the 
characteristics  of  ihe  pressure- time  histories 
that  can  be  expected  from  a  complex  pair  of 
blast  sources,  such  as  the  breech  and  muscle 
of  the  rernilltjs  rifle,  Enough  free -field 
measurement*  were  takers  to  survey  the  blast 
field  about  both  tl.e  breech  and  muscle  of  the 
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Fig.  2.  Typical  Record  of  Blast  from  !>7 -mm  Recoillesa  RiPe 


weapon  rather  completely.  For  the  reflected 
measurements,  however,  we  found  early  in 
the  test  program  that  the  breech  blast  was  so 
intense  that  the  plywood  tables  used  ns  reflect¬ 
ing  surfaces  were  severely  damaged  on  c'ich 
test  conducted  aft  of  the  weapon  and  close  to 
the  line  of  fire.  Therefore,  although  we  had 
intended  to  completely  survey  the  reflected 
pressure  field  for  four  standoff  distances  from 
the  axis  of  the  weapons,  we  were  forced  to 
eliminate  many  of  the  planned  experiments  at 
the  smaller  standoff  distances,  Near  the 
muzzle  of  the  weapon,  the  blast  field  was  weak 
enough  that  a  more  complete  survey  could  be 
made.  Typical  data  for  each  round  included 
peak  overpressures  for  one  or  more  shocks  on 
each  record,  positive  impulse  starting  front 
the  time  of  the  first  shock  arrival,  and  the 
positive  duration  of  the  first  shock.  Some  of 
these  data  will  be  summarized  in  scaled  plots 
later  in  this  paper. 

Blast  Parameters  for  2,  75-inch  Rockets 

This  rocket  generates  a  pressure  field 
which  is  totally  different  from  that  generated 
by  a  closed-breech  weapon  or  by  a  recoilless 
rifle.  A  typical  set  of  free-field  pressure¬ 
time  histories  for  this  weapon  is  shown  in 
Fig.  3.  The  press.*,  e-time  histories  are 


chai acterlred  by  relatively  small  and  Irregular 
initial  pressure  pulses  ^whether  these  pulses 
..,(1  b<*  callcrt  or  not  •  “  -- »n  to  o>ieatinnl. 

Following  these  initial  pressure  pulses,  much 
•arger  amplitude  and  irregular  pressure  fluc¬ 
tuations  can  be  seen.  Because  of  the  necessity 
tor  holding  this  weapon  captive  during  firing, 
the  latter  portions  of  these  traces  are  pro¬ 
bably  not  at  all  representative  of  the  pressures 
which  would  be  felt  by  sn  observer  located  near 
s  freely- fired  weapon.  Whereas  *he  character 
of  the  blast  field  generated  by  the  recoillcss 
rifle  was  relatively  repeatable  from  round  to 
round,  the  initial  portions  of  the  pressure 
traces  generated  by  the  2.  73- in.  rocket  were 
quite  variable.  Occaaionally,  single  peaks  and 
definite  shock  waves  would  be  recorded;  how- 
ever,  the  types  of  records  shown  in  Fig.  J 
were  much  more  common.  The  initial  portions 
of  these  records  would  exhibit  two,  thrne  or 
even  four  peaks  at  times,  and  the  time*  be¬ 
tween  these  peaks  would  differ  decidedly  from 
round  to  round.  Because  of  the  statistical 
nature  of  tie  data  generated  during  these  ex¬ 
periments,  targe  scatter  can  be  seen  in  Figs, 

4  and  3  where  the  initial  overpressure  and 
impulse  are  plotted,  respectively,  as  functions 
of  distance  along  a  line  radiating  from  the 
breech  of  the  rocket  (at  135°  to  the  line  of  fire). 
For  the  relatively  few  rounds  where  single 
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"starting"  shocks  were  observed,  the  pressure 
and  impulse  amplitudes  were  much  greater 
than  fcr  the  majority  of  the  rounds.  We 
thought  that  the  wide  variation  in  pressure  sig¬ 
nal  was  perhaps  due  to  failures  of  disc  clo¬ 
sures  in  the  four  rocket  nozzles  at  different 
times.  Tests  with  two  or  more  of  those  discs 
removed  before  firing,  however,  showed  no 
systematic  change  in  the  pressure  field. 

Blast  Parameters  for  66 -mm  LAW  Rocket 

Only  free-field  data  were  obtained  for 
this  weapon.  Pressure-time  histories  were 
similar  to  those  produced  by  the  57-mm  re¬ 
coilless  rifle.  Distinct  shock  waves  were 
generated,  and  there  was  no  later  spectrum 
of  noise.  Data  were  also  found  to  be  rela¬ 
tively  repeatable  from  round  to  round.  Typical 
graphs  of  overpressure  versus  distance  and 
impulse  versus  distance  along  a  line  perpen¬ 
dicular  to  the  breech  are  shown  in  Figs.  6 
and  7. 

Blast  Parameters  for  5,  0-in.  Rocket 

There  were  only  enough  rounds  available 
for  this  weapon  to  survey  the  free-field  blast 
parameters.  At  locations  close  to  the  rocket 
nozzle,  the  multiple  shocks  merged  into  a 
single  strong  shock.  There  was  much  less 


Fig.  fc.  Frs*- Field  Overpressures  Versus 
Distance  -  DAW  Rocket,  8  *  90° 


evidence  of  noise  following  the  initial 
"starting  shock"  than  for  the  2.  75-in.  rocket. 
Why  this  rocket  should  produce  so  different 
a  pressure  signal  than  the  2.75-in.  rocket  is 
not  clear.  Both  have  multiple  exhaust  nozzles 
with  closures  which  must  blow  out  on  rocket 
ignition,  both  have  relatively  long  burning 
times,  and  both  were  held  captive  during  the 
experiments. 

Blast  Parameters  for  4.  5-in,  Rocket 

The  4.5-in.  rockets  were  by  far  the  oldest 
of  the  weapons  tested,  made  in  1944.  Of  the 
ten  rockets,  eight  were  fin- stabilized  and  had 
a  single  rocket  nozzle.  The  remaining  two 
weapons  were  spin -stabilized,  having  multiple 
canted  nozzles.  Although  somewhat  newer 
than  the  first  type,  they  were  still  made  many 
years  ago.  The  pressure  fields  from  these 
weapons  varied  quite  widely  from  round  to 
round,  often  showing  gradual  rises  to  maxi¬ 
mum  pressure  rather  than  starting  shocks. 

A  typical  set  of  free-field  records  is  shown 
in  Fig.  8.  Because  of  the  wide  variability  in 
data  for  these  old  rockets,  we  have  made  no 
plots  of  overpressure  or  impulse  versus  dis¬ 
tance.  As  for  the  2.  75-in.  rocket,  the  pres¬ 
sure  fields  from  these  weapons  showed  large 
noise  signatures  following  the  starting  shock. 


Fig.  7.  Free-Fiold  Impulse  Versus  tistance, 
LAW  Rocket,  8  =  90° 
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Fig.  8.  Typical  Pressure  Records  for  4.  5-in.  Rocket 


MODELING  THE  BLAST  FIELDS  AROUND 
RECOILLESS  RIFLES 

Scaling  Peak  Pressure 

An  earlier  report  [1]  showed  that  the  blast 
pressure  field  around  recoilless  rifles  might 
be  defined  by 


where 

P  -  peak  overpressure 

Ljj  --  standoff  position  parallel  to  line 
of  fire 

Lj_  =  standoff  position  perpendicular  to 
line  of  fire 

c  =  caliber  of  weapon 

W  =  energy  in  the  propellant  minus  the 
kinetic  energy  of  the  projectile. 


A  similar  equation  was  known  to  apply  for 
closed-breech  weapons.  We  will  show  that  an 
equation  similar  to  Equation  ( 1 )  is  applicable 
to  recoilless  rifles,  but  with  additional  re¬ 
strictions  which  make  another  choice  of  para¬ 
meters  superior.  Equation  (1)  requires  geo¬ 
metric  similarity,  1,  e. ,  similarity  In  length  of 
gun  and  in  geometry  of  noasle.  Many  recoil- 
less  rifles  are  approximately  the  same  scaled 
length,  i.  e, ,  30  calibers;  however,  a  number 
of  different  nozzles  can  be  attached  to  the  same 
basic  gun  (changes  in  nozzle  geometry  modify 
the  chamber  pressures  and  the  rates  of  energy 
release  from  the  breeches).  The  total  energy 
release  may  be  only  an  approximate  para¬ 
meter  for  normalizing  breech  blast  pressures 
around  recoilless  rifles. 

In  Table  2,  a  summary  is  presented  of 
test  data  taken  at  Picatlnny  Arsenal  near  the 
breech  of  a  105-mm  recoilless  rifle  (3).  All 
the  data  points  in  this  table  are  for  peak  pres¬ 
sure  measured  17.5  ft  ( LI c  -  50,  3)  directly  be¬ 
hind  the  breech  of  the  rifle.  Although  there 
were  small  changes  in  propellant  weight 
(energy)  in  these  tests,  the  principle  changes 
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made  were  in  propellant  types  and  in  nozzle 
geometry.  If  Equation  (1)  were  to  apply,  the 
numbers  in  the  last  column  of  Table  2  should 
be  nearly  identical.  Instead,  they  indicate 
that  Equation  (1)  furnishes  reliable  predictions 
of  scaled  peak  overpressure  to  only  the  near¬ 
est  order  of  magnitude.  More  accurate  pre¬ 
dictions  ure  desired  for  most  engineering 
applications. 


Equation  (1)  can  be  rewritten  as 


where 

Pq  -  peak  chamber  pressure  in  the  re¬ 
coilless  rifle.  [All  other  para¬ 
meters  are  as  defined  by  Equa¬ 
tion  (1)]. 

Table  3  presents  the  data  from  Table  2 
with  the  resulting  peak  pressures  scaled 
according  to  Equation  (2).  This  table  demon¬ 
strates  that  Equation  (2)  is  a  more  appropriate 
relationship  than  Equation  (1)  for  normalizing 
the  blast  field  about  recoilless  rifles. 


TABLE  2 


Blast  Pressures  17.  5- Ft  Aft  of  Breech  of 
105-mm  Recoilless  Rifle  as  a  Function  of 
Propelling  Charge  Weight 


Picatinny 

Propelling 
Charge,  W 

Peak  Over¬ 
pressure,  P 

Peak  Overpres¬ 
sure  Divided  by 
Propelling  Charge 
Weight,  (P/W) 

Test  No. 

fib) 

(psi) 

<p.i/lbm> 

22 

2.20 

5.71 

2.60 

2* 

2.  20 

3.87 

1.76 

<7 

2.70 

9.  11 

3.38 

49 

2.70 

7.08 

2.62 

62 

2.50 

1.24 

0.497 

63 

2.50 

1.  12 

0.448 

68 

2.50 

1.25 

0.500 

69 

2.50 

1.  14 

0.457 

70 

2,50 

0.92 

0.  368 

TABLE  3 


Blast  Pressures  17.  5 -Ft  Aft  of  Breach  of 
105-mm  Rocoilless  Rifle  as  a  Function  of 
Chamber  Pressure 


Peak  Overpras- 

Chamber 

Peak 

sure  Divided  by 

Ptcatlnny 

Pressure,  Pc 

Pressure,  P 

Peak  Chamber,  (P/Pc) 

Test  No, 

(pal) 

(prt) 

Pressure 

22 

5919 

• ,  V*"  • 

0.966  X  10' 3 

25 

Not  measured 

3.87 

Not  measured 

47 

8040 

9.  It 

1.  13  x  10-3 

49 

7411 

7.08 

0,955  x  10-3 

62 

1266 

1.24 

0.980  x  10- 3 

6) 

1027 

1.  12 

1.09  x  10"3 

68 

904 

1.25 

1.  39  x  10-3 

69 

740 

1.  14 

1.54  x  10'3 

70 

717 

0.  92 

1.28  x  lO'3 

M 

r  1,66  x  10-3 

9 

*  0.217  x  10*3 

9 

*  18.6% 
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Equation  (2)  for  recoilles*  rifle*  ia  conaiater.t 
with  Equation  (3),  from  Ref.  (lj,  for  the  blaat 
field  around  cloaed-breech  weapon* 

Pc2X  f  fLU  Ll\  ... 

~vT=  f  V~  '  T, J  l3i 

where  f  ia  barrel  length.  Thia  ia  because 
the  quantity  W/c2f  in  Equation  (3)  haa  dimen¬ 
sion#  of  pressure  and  can  be  thought  of  a* 
chamber  pressure,  or  a*  energy  per  unit 
volume,  in  a  gun  tube.  Weatir.e  [15]  discussed 
the  equivalence  of  Equation*  (2)  and  (3)  in' 
great  detail  for  closed-breech  weapon*. 

Chamber  pressure  ia  perhaps  the  moat 
appropriate  measure  of  energy  entering  the 
air  blaat.  Chamber  pressure  ia  affected  fey 
nozzle  geometry,  and  thu*  may  indirectly  ac¬ 
count  for  the  effects  of  nozzle  geometry  on  the 
rate  of  energy  release. 

In  the  Final  Report  [2],  which  we  are 
summarizing  in  this  paper,  we  preaent  a  num¬ 
ber  of  plot*  of  scaled  overpressure,  P/Pq. 
versus  scaled  standoff  position  relative  to 
either  the  breech  or  the  muazte  of  recoillea* 
rifles.  One  of  these  plot*  ia  reproduced  here 
in  Fig.  9.  Experimental  test  data  from  nine 
different  source*  were  used  to  develop  such 
plots.  Included  among  these  data  are  the 
blaet  presaurea  measured  in  the  free  apace 
around  the  57-mm  recolllesa  rifle  in  this  teat 
program.  Other  data  come  from  Refa,  jJj 
through  [10].  The  Plcntlnny  experimental  test 
data  referred  to  in  Teble  4  have  also  been  in¬ 
cluded  in  these  figure*.  The  variety  of  weap¬ 
ons  being  considered  is  extensive,  ranging 
from  experimental  teat  gun*  (T  aeries)  to 
field  weapon*  (M  series)  and  including  a  rang* 
of  caliber*  from  57-  to  106-mm.  Many  of  the 
weapona  are  experimental  models  with  some 
unreported  gun  characteristic*  such  as 
amounts  of  propellant  or  chamber  pressure*. 
To  use  test  data  from  Refa.  [4]  through  (8| 
and  Ref,  [10],  the  writer*  were  forced  to  at-  . 
eume  chamber  preasures.  Chamber  pres¬ 
sure*  for  any  of  the  M  series  guns  art  well- 
known  and  are  known  for  most  of  the  Picatinny 
tests  In  Ref,  ]3]  because  chamber  pretaure 
was  measured  for  thst  eerie*  of  firings. 

Table  4  summarises  the  chamber  pressures 
that  were  uaed  for  th*  recoilless  rifles. 
Handbook  value*  of  chamber  pressure  are  all 
obtained  either  from  the  Final  Report  giving 
the  experimental  rcaulte  or  from  Ref.  (16), 
Some  of  the  assumed  values  for  chamber  pres¬ 
sure  appear  to  be  to  j  great  and  others  too 
little.  Nevertheless,  a  singls  assumed  value 
of  chamber  pressure  make*  the  normalised 
pressures  for  all  T  series  weapons  scale  well. 
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P_  *  ti>* 

Pc 

0. 


0. 


J. 

«<M>  too  >n  a*  4»  lu 

t.  c 

Ref,  Weapon 

SwRl  57-mm  MI8A1 

5  90 -mm  T2I9  iPAT) 

)0  75 -mm  T2I 

8  105- mm  TI9 

7  75. mm  Tit 

6  57-mm  T66E6 

4  1 06. mm  T170RI 

9  106-mm  M40AI 

7  105-mm  M2? 

7  5?-mm  M) 8 

i  )05-mm  M2?  (modified) 

Fig.  9.  Overpressures  for  Recoitless 
Rifles.  O'  to  Breach 


The  scaled  plots,  only  on#  of  which  is 
shown  here,  indicate  that  alt  teat  data  for 
pressure*  In  the  free  space  around  recoilleas 
rifles  esn  He  normalized  into  a  single  function. 
Some  scatter  exists,  but  this  is  understand¬ 
able  when  one  realizes  that  a  single  standard 
deviation  at  some  arbitrary  location  experi¬ 
encing  repeat  firings  will  rang*  from  914  to 
20*11  for  a  single  weapon  system,  Th*  scatter 
that  can  be  expected  from  repeated  experi¬ 
ment*  to  measure  muatl*  blaet  around  closed- 
breech  gun*  is  discussed  in  Ref.  (15].  The 
scatter  of  th*  recoillees  rifle  data  is  some¬ 
what  greater:  but,  pressure*  ehown  in  these 
figures  were  obtained  from  various  sources, 
with  most  of  th*  experimenters  totally  uncon¬ 
cerned  that  any  attempt  might  be  mad*  to 
•cat*  their  experimental  date.  Neither  the 
height  of  gun  barret*  above  th*  reflecting 
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TABLE  4 


Assumed  and  Actual  Values  of  Peak  Chamber  Pressure 
for  Various  Recoilless  Rifles 


Gun 

Reference 

Maximum 

Chamber 

Pressure  p£  (psi) 

Comment 

57-mm-M18Al 

2 

6,500 

Handbook  Value 

105 -mm- modified 

3  (Picatinny) 

Various 

Measured 

106-mm-  T170E1 

4 

30,000 

Assumed 

90-mm-  T219  (PAT) 

5 

3,000 

Assumed 

57-mm-T66E6 

6 

12,000 

Assumed 

57-mm-M18 
(nozzle  adapter) 

7 

4,800 

Handbook  Value 

75 -mm-  T21 

7 

18,  000 

Assumed 

105 -mm-  M27 

7 

10,000 

Handbook  Value 

105-mm-T19 

8 

11,000 

Assumed 

90-mm-M67 

9 

6,400 

Handbook  Value 

106-mm-M40Al 

9 

9,700 

Handbook  Value 

57-mm-  Ml  8A1 

9 

6,500 

Handbook  Value 

75  -mm-  T2 1 

10 

18,000 

Assumed 

surface  oi  ground  nor  the  height  of  pressure 
transducers  .ibove  the  ground  has  been  simu¬ 
lated  in  obtaining  these  experimental  results. 
In  addition,  much  of  the  data  are  very  old  and 
could  be  subject  to  some  systematic  errors 
because  thr  experimenters  could  not  use  to¬ 
day's  more  modern  instrumentation. 

Equation  (2)  to  predict  side-on  or  free- 
Held  overpressures  can  be  axtended  or  re¬ 
written  as  Equation  (4)  for  the  prediction  of 
peak  reflected  pressures  imparted  to  a  panel. 
Equation  (4)  defines  a  three-dimensional 
space 


Equation  (4)  to  define  the  peak  pressures  that 
are  imparted  to  a  panel.  Insufficient  data 
exist  to  demonstrate  that  Equ.,  'ion  (4)  is  appro¬ 
priate  for  recoilless  rifles.  Unfortunately, 
the  relationship  between  Equations  (4)  and  (2) 
is  directly  analogous  to  a  similar  relationship 
for  reflected  and  side-on  pressures  aroune 
closed-breech  weapons  (see  Ref.  (1)1.  To 
predict  the  blast  pressures  imparted  to  a 
panel  by  firing  recoilless  rifles,  we  will  as¬ 
sume  that  Equation  (4)  is  applicable  because 
Equation  (2)  Is  appropriate  and  because  It  has 
been  demonstrated  that  a  similar  equation 
works  for  closed-breech  weapons. 


whore 

h  s  height  of  gun  above  the  plane  of  the 
panel 

X  «  dietance  In  tha  plane  from  point  of 
interest  to  line  of  fire. 


Scaling  Impulse 

Maximum  positive  impulse  in  the  free 
field  eround  a  rtcoilless  rifle  appears  to  scale 
according  to 


<51 


It  takas  advantage  of  the  symmetry  which 
exists  in  the  free  field  about  the  line  of  fire. 
Placing  a  panel  In  tha  vicinity  of  the  weapon 
daatroya  this  aymmetry;  thus,  an  additional 
geometric  parameter  la  required  ea  In 


where  1  le  positive  specific  impulse.  Thie 
particular  combination  of  the  paiameter*. 

1,  c,  P£,  and  W  was  chosen  because:  1 1 1  it 
defines  a  nondimensional  group,  and  (2)  it 
works,  as  U  demonstrated  by  using  expert- 
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mantal  data.  Vary  littla  experimental  f rat- 
field  impulaa  data  hava  baan  taken  around  tha 
muuUi  and  braachaa  of  recoillese  rifles: 
novarthalaaa,  an  adequate  quantity  ia  available 
from  Rafa.  (J.  8.  9).  and  tha  a  SwRI  57-mm 
taata  to  damonatrata  that  Equation  (5)  ia  appli¬ 
cable.  Figure  10  a  how  a  one  plot  of  acaled  im- 
pulae  aa  a  function  of  acalad  poaition.  L/c. 
Although  the  variety  of  weapon*  ia  not  aa  com¬ 
plete  aa  waa  uaad  to  damonatrata  thaaa  acaling 
law*  for  peak  praaaure.  aufficient  data  do 
exist  to  atrongly  indicate  that  Equation  (5)  ia 
appropriate  for  normaliaing  the  impulaa  field 
around  tha  breech  and  muaalea  of  racoillaaa 
weapons. 


The  reflected  impulaa  counterpart  to 
Equation  (5)  for  free-fleld  impulaa  ia 
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Tha  addition  of  a  reflecting  aurfaca  under  tha 
mutate  or  breech  of  a  re-oillesa  rifle  de- 
atroya  tha  aymmetry  which  eniata  about  the 
line  of  fire  in  a  free  field.  To  account  for  the 
additional  geometric  coordinate,  an  extra 
geometric  parameter  muat  be  added  to  Equa¬ 
tion  (51.  Thia  action  ia  similar  to  th«*  devel- 
opment  of  Equation  (4)  from  Equation  (2)  for 
peak  reflected  preaeuree. 

Predicting  Free-fleld  Praaaure  or  tn-pulae 

Figure  It  shows  e  recotUeea  rifle  end 
two  groups  of  two  equeiioe*  for  predicting 
peak  pressure  and/or  impulse  in  tha  free 
field  either  forward  of  the  mottle  or  aft  of  the 
breech  of  a  recotlleaa  rifle.  These  equations 
•re  Equation*  (21  and  (5)  expressed  in  polar 
coordinates  rather  than  rectangular  ones,  and 
with  a  functional  format  selected  to  curve  •  fit 
experimental  data.  The  Solid  lines  drawn  on 
Fig*.  9  and  10  end  others  in  Ref.  (I)  indi¬ 
cate  that  these  equations  fit  experimental  teat 
reautia  exceptionally  Well. 

Observe  in  Fig.  II  that  peak  free-fleld 
pressure  end  impulse  ere  independent  of  the 
angle  9  forward  of  the  gun  mutate.  The 
chock  emitted  from  the  mutate  of  e  recoilleaa 
cine  is  essentially  spherically  symmetric 
about  the  tmsaale  of  the  gun.  It  is  also  much 
“Ttaktr  than  the  shuck  emitted  from  the 
breech. 


Fig.  10.  Seeled  Impulse  for  RecoiUeas 
Rutes,  90°  to  Breech 


•  tear*  4 


do  ‘ 


11 

Jill  -4  UtrrcO 

(l>  ,  |o»\  .'*•*<  ».*W*g  lj|  (l".  IXU.I.  I#  1,4,1 

'**  ) 

><  .  19  \  --  *“■  •  <•.  «‘«l 


Fig.  II.  Peak  Free- f  ield  Overpressures 
Around  the  Muaalea  and  Braachaa 
of  Racoillosa  Riflaa 


Predicting  Reflected  Pressures  and  Impulses 

Figure  12  ie  a  plot  of  peak  reflected  pres¬ 
sure  as  a  function  of  L/c  and  x/c  for  a  con¬ 
stant  normalised  height,  h/c,  of  18.0  for  the 
weapon  over  the  firing  table.  The  isobars  in 
Fig,  12  are  constmt  normalised  pressures, 
P/Pq,  which  have  been  sketched  from  data 
for  SwRI,  57-mm  recoilless  rifle  tests. 

Figure  12  is  a  graphical  presentation  of  Equa¬ 
tion  (4)  for  normalised  reflected  peak  pres¬ 
sure.  Inadequate  test  data  exist  to  develop 
additional  figures  for  other  distances  between 
the  table  and  rifle,  i,  e. ,  other  ratios  of  h/c. 

In  a  similar  fashion,  Fig.  13  is  a  plot  of 
Equation  (6)  for  normalised  reflected  specific 
impulse  when  h/c  equals  18,0.  The  isoclines 
in  Fig.  13  are  for  constant  values  of 
I c/lW^/Sp^,'. /I)'  Additional  figures  of  scaled 
reflected  Impulse  for  other  heights  have  not 
been  developed  because  there  are  even  less 


Fig,  12,  Normalised  Peak  Reflected 
Pressure,  (P/Pc>  *  iO5. 
for  (h/c)  18.  0 


impulse  data  than  there  are  pressure  data 
available.  Units  employed  for  physical  quan¬ 
tities  in  the  scaled  impulse  parameter  are 
I  =  psi-ms,  c  =  in. ,  Pg  =  psi,  and  W  =  lbm 
of  propellant. 


Fig.  1  3,  Normalised  Reflected  Impulse, 

icr,V,T 

for  (h/c)  *  18.0 
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MODELING  THE  BLAST  FIELDS  AROUND 
ROCKETS 

We  noted  in  the  previous  section  that  there 
were  significant  differences  in  the  blast  waves 
generated  by  the  different  types  of  rockets 
tested  during  this  program.  The  LAW  rocket 
and  the  5,0-in,  rocket  both  generated  distinct 
and  reasonably  repeatable  blast  waves,  while 
the  2.  75- in.  and  4,  5 -in,  rockets  produced 
variable,  relatively  small  amplitude  initial 
pressure  waves  followed  by  larger  amplitude 
"noise"  fields.  We  have  come  to  refer  to  the 
two  types  of  pressure  waves  as  "bang"  or 
"no  bang".  Differences  were  sought  betweei 
various  scaled  combinations  of  rocket  para¬ 
meters  in  Table  l  and  with  other  parameters 
which  could  be  computed  from  the  data,  e.  g,  , 
mass  rate  of  flow,  pressure  at  nozzle  exit, 
etc.  No  grouping  of  parameters  could  be 
found  which  placed  the  LAW  and  5.0-in. 
rockets  in  one  class,  and  the  2.75-in.  and 
4.5-in.  rockets  in  another  class.  Further¬ 
more.  no  combination  of  rocket  parameters 
could  be  found  which  would  scale  the  bias* 
fields  generated  by  the  two  "bang"  rockets. 
Many  different  combinations  were  tried,  but 
none  proved  satisfactory.  We.  therefoi  e,  have 
a  body  of  blast  data  for  small  rockets  wnlch 
did  not  exist  before,  and  which  can  be  useful 
in  estimating  the  blast  loading  of  helicopter 
structures  for  four  specific  rockets  of  fairly 
widely  varying  characteristics,  but  w*  do  not 
have  a  method  of  prediction  for  other  rorkets 
for  which  no  measurements  have  been  rurde. 
There  are  suggestions  in  Kefs.  (12}  and  ftl) 
that  blast  scaling  correlates  with  mss*  flow 
rate  and/or  rate  of  pressure  rise  m  initis'ion 
of  burning.  We  hsd  no  wsy  oi  measuring  the 
Istter  parameter,  but  can  show  no  lorrelation 
with  the  former. 

DISCUSSION 

In  the  experimental  program  reported 
here,  a  large  body  of  daia  has  been  generated 
for  the  blast  fields  about  rscoilless  rifles  and 
solid -propellant  rockets.  AH  but  s  few  of  the 
118  tests  yielded  useful  data,  which  are  pre¬ 
sented  round-by- round  in  Ret.  :Z},  The  pri¬ 
mary  data  reported  are  peak  overpressures 
and  positive  impulses,  for  free- field- blast 
waves  and  for  waves  reflected  from  plane  sur¬ 
faces  parallel  to  the  line  of  Ure  of  the  weapon,  - 
The  free- field  data  obtained  or  a  57. mm  re- 
coillnas  rifle  supplement  existing  measure¬ 
ments  for  the  seme  weapon  and  other  calibers 
of  recoilless  rifles.  Reflected  wave  data  ob¬ 
tained  for  thia  weapon  constitute  the  first  such 
measurements,  Fe*  reliable  previoue  blast 
n  essurementa  exist  for  rockets,  and  there¬ 


fore  the  results  reported  in  Ref.  [2]  constitute 
the  first  significant  group  of  measurements  cf 
the  blast  fields  generated  by  solid-propellant 
rockets. 

A  primary  aim  of  this  program  was  to 
generate  or  corroborate  laws  for  scaling  of 
blast  parameters  generated  by  recoilless 
rifles  and  rockets.  We  were  successful  in 
generating  such  laws  for  recoilless  rifles,  but 
could  not  do  so  for  rocket  blast. 

A  significant  feature  of  the  test  results 
for  rockets  was  that  different  types  of  these 
weapons  generated  distinctly  different  pres¬ 
sure  waves,  with  sharp  shocks  being  formed 
for  some  and  not  for  ethers,  and  with  some 
rockets  generating  large-amplitude  noise 
after  the  init  a)  shocks.  The  rockets  which 
did  not  produce  sharp  initial  shock*  ("no-bang" 
rockets)  also  exhibited  great  round- to- round 
variability  in  prossure  wave  characteristic*, 
while  the  "bang"  rockets  showed  smaller  data 
scatter.  Press ure  fields  measured  for  all  but 
one  of  the  rockets  (66 -mm  LAW)  undoubtedly 
represent  upper  bounds  on  the  actual  pressure 
field*  because  these  weapons  were  held  cap¬ 
tive  during  testing  rather  than  being  allowed 
lo  fly  aa  they  would  be  in  actual  use. 

We  feel  that  the  test  rssult*  obtained  in 
this  study,  and  the  scaling  law  for  prediction 
of  blast  from  recollles*  rifle*,  significantly 
enhance  the  ability  to  predict  transient  pres¬ 
sure  load*  Imparted  to  hetii.opt.ers,  airplanes, 
ships,  and  other  object*.  This  is  a  necessary 
first  step  in  estimating  the  effort*  of  such 
blast  on  structure#  and  personnel, 
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DISCUSSION 


Mr.  Sallet  ( University  o <  Maryland);  Prom 
your  lastdafacaa  you  construct  the  i%ced 
flow  field  of  the  ambient  air  and  the  combus¬ 
tion  gases? 


Mr.  Baker:  No,  I  would  say  we  could  not. 
We  have  the  over  pressure  time-histories  and 
what  data  one  can  abstract  from  them,  so  I 
would  say  It  would  be  very  very  difficult  to  try 
to  get  from  this  to  the  induced  flow  field. 
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Seme  results  are  presentee  of  a  continuing  investigation  of  the 
fluctuating  rr?.5!ur»s  on  .erospacc  vehicle  surfaces  and  of  the 
corresponding  panel  responses .  Techniques  for  predicting  fluc¬ 
tuating  press  nr*'-  -^pcctr-a  associated  with  transonic  shock/bound¬ 
ary-layer  interaction  :;r.d  for  estimating  correlations  and  co¬ 
herences  of  b«-*iv:aey  layer  pressures  are  reviewed  and  compared 
with  data  obtained  on  a  1/10-scale  model  of  Saturn  V  mounted  on 
a  rocket-propelled  test  sled.  The  agreement  is  found  tc  be  ac¬ 
ceptable  in  general,  although  the  test  results  exhibit  consid¬ 
erable  scatter  and  suffer  from  some  slgnal/noise-r.at lo  problems. 
At  Mach  numbers  above  about  0.6,  sound  from  the  propulsion  rock¬ 
ets  is  shown  to  have  no  appreciable  effect  or.  the  fluctuating 
pressure  data  obtained  on  the  rocket-sled  model.  Predicted  panel 
responses  to  the  observed  fluctuating  pressures  are  found  to  be 
In  reasonable  agreement,  with  corresponding  rocket-sled  data. 


INTRODUCTION 

Predictions  of  the  vibrations  of 
aerospace  vehicle  structures  Induced  by 
aero-acoustic  excitation  are  generally 
needed  In  the  early  design  stages,  pri¬ 
marily  for  the  purpose  of  establishing 
preliminary  design  and  test  criteria. 
One  may  obtain  such  predictions  most, 
logically  by  first  determining  the  ex¬ 
citations  and  then  calculating  the  cor¬ 
responding  responses,  but  whereas  tech¬ 
niques.  for  calculating  the  responses  of 
fully  specified  structures.  t.o  given  ex¬ 
citations  are  reasonably  well  in  hand, 
general  methods  for  predicting  non— 
acoustic  excitations  and  the  associated 
responses,  of  structures-  that  are  not 
defined  In  detail  still  lemaln  to  be 
developed  and  validated. 

’’’he  complexity  of  the  total  prob¬ 
lem  of  predicting  the  fluctunMng-orea- 
sure  environment  of  an  aerospace  vehi¬ 
cle  under  g*  von  flight,  conditions  may 
to  reduced  by  determining  what  flow  re¬ 
gimes  occur  at  various  locations  on  the 


vehicle,  and  then  establishing  the 
f luct.uat. lng-pressure  characteristi  cs 
associated  with  each  flow  regime.  A 
compilation  of  techniques  for  predict¬ 
ing  these  fluctuatlnp-pressure  charac¬ 
teristics,  was,  presented  in  [1]*,  but 
lack  of  suitable  experimental  data  so 
far  has  prevented  evaluation  of  the 
general  validity  of  these  techniques. 

Tn  order  to  take  some  steps  toward 
this  validation,  and  also  In  order  to 
study  related  response-prediction 
methods,  a  program  of  Investigations 
has  been  undertaken,  based  on  a  1/10- 
r. calc  model  of  the  forward  hal'  of  the 
Saturn  V  vehicle,  propelled  al<  g  the 
Pol  i.nman  Air  Force  Rase  rocket-s^'d 
test  track. 

As  discussed  in  [?],  use  of  such  a 
model  avoids  the  expenses  associated 
with  full-scale  tests,  overcomes  a  num¬ 
ber  of  difficulties  associated  with 
testing  of  snsal  ’  wind  tunnel  models 
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•Numbers  In  square  brackets  refer  to 
Uv*  appended  list,  of  references. 


(i.e.,  tunnel-blockage  and  sh-reS  pi-os- 

i»;is,  af»»i  t-Vf  need  for  eati'emely  sttaJ.l. 

■t -ansd'uceri  with  very  high  frequency 
capabilities)  ar.d  f-?rrJ.ts  c*ne  to  reach 
reasonably  resllatic  Peyn&.Vii  numbers . 
Descriptions  of  the  test  nodal  as'd  ayv.-- 
te?>,  Instrumentation,  data  reduction 
and  analysis,  and  test  and  operational 
procedures  appear  in  [2],  and  therefore 
are  not  repeated  here. 

Reference  f2)  also  summarizes  tech¬ 
niques  for  predicting  the  fluctuating 
pressure  spectra  associated  with  at¬ 
tached  turbulent  boundary  Isycrs  and 
with  subsonic  flow  reparation  aft  of 
flares,  and  it  compares  rockct-sled  data 
with  predictions  obtained  by  means  vf 
these  techniques.  It  Is  the  purpose  of 
this  paper  in  essence  to  serve  as  a 
conttr.'iaticii  c-f  [n]t  tc  explore  further 
the  utility  of  rocket-sled  models  for 
aero-acoustic  excitation  and  response 
measurements,  to  deal  with  additional 
flew  regimes  and  fluctuating  pressure 
characteristics ,  and  to  investigate  the 
utility  of  a  simple  response  prediction 
technique.  Accordingly,  the  first  of 
the  following  sections  addresses  itself 
to  the  possible  contamination  of  bound¬ 
ary-layer  data  by  rocket  noise,  the 
second  section  deals  with  trar.sonic- 
shockAoundary-layer  interaction,  the 
third  discusses  boundary-layer  pressure 
correlations  and  cross-spectra,  and  the 
fourth  deals  with  the  responses  of  pan¬ 
els  to  random  pressure  fluctuations. 
Conclusions,  recommendations,  a:.  1  plans 
for  further  studies  are  discussed  in 
the  final  section. 


EVALUATION  OF  CONTAMINATION  OF 
r'l  UCTUATINO-PRESSURK  DATA  BY 
ROCKET  NOISE 

In  using  a  rocket  sled  to  obtain 
data  on  the  aero-acoustic  environment 
and  responses  of  .1  test  model,  one  must 
naturally  consider  whether  the  effects 
one  attempts  to  observe  are  obscured  by 
those  due  to  noise  from  the  propulsion 
rockets.  Therefore,  a  number  of  calcu¬ 
lations  were  carried  out  to  estimate 
the  rocket-noise  environment  at  the 
sensor  locations  on  the  test  vehicle, 
and  to  compare  these  estimates  with 
data  obtained  from  these  sensors. 

Table  I,  below,  summarizes  t.be 
thrust-histories  and  propulsion  systems 
associated  with  the  various  test  runs 
during  which  significant  data  were  col¬ 
lected,  Table  II  lists  the  salient 
oharaeLeristi cs  of  the  propulsion  sys¬ 
tems. 


TABLE  1 

Thrusts  and  Propulsion  Sysv*ls£  Used 
In  socket  Sled  Teats 


TeTH 

Des,ig-  j 
nation  j 

|  '  Time 
j  Interval 
j  (sec) 

Thrust  1 
(100C  i!v'>  1 

!  Tropui - 
j.  '•  sim 

5N-AA  j 

! 

1 

t  0.1  -  5-7 

!  6.0-  7. s  ! 

j  i 

r *>  ! 

1 - - 

|  3  Bomarc 
|  .  ':A"*s 

L-\ 

5N-BI  - 

l  0.1-  5.1  ] 

107'  ! 

I'i  Mk3  Ter- 

|  6.2-  3.1 

1  10R— 15«? 

riers 

3  Hikes 

|  3.6-12.5 

I 

2  Hikes 

- 

!  13 .  3-1.7 . 2 

|  qf.-fcc 

|  1  Nike 

5N-B2 

[  C.I-  5.1 

107  ''  J 

|  2  Mk5  Ter- 

•  and 

! 

i  108-1 ‘-t? 

riers 

SN-B3  j 

;  6.2-  $.2 

3  Hikes 

_ 1 

U. 6-.  12.5 

1  72-9' R 

: _ 

2  iiiKes 

TABU-  n 

Propulsion  System  Parameters 


System 

Mike 

Mk3 

Terrier 

Bcr.arc 

"A" 

Nozzle  Throat 
Diaia.  (in.) 

6.15 

6.15 

3.63 

Expansion 

Ratio 

7.15 

6.8 

3.0 

Exit  cone 
hn if -angle 
( dorr . ) 

15.0 

15.0 

17.5 

Calculations  to  estimate  the  rock¬ 
et  noise  environment  were  carried  out, 
using  the  "source-location  method"  us 
described  in  [3 1  and  an  estimated  ex¬ 
haust  velocity  of  8500  ft./sec,  which  is 
believed  to  be  typical  of  high-perfor¬ 
mance  rockets  1*0.  These  calculations 
took  into  account  the  effects  of  motion 
of  the  vehicle  relative  to  (hir  effec¬ 
tive  sound  r.ourco-  by  adding  to  the 
predicted  sound  pressure  levels  the 
correction  term  ?h  log  (1-M),  where  M 
represents  the  vehicle’s  Mach  number, 
(Of  course,  this  correction  Is  valid 
only  for  M  <  1.  For  M  _>  1 ,  the  rocket 
noise  never  reaches  forward  on  the  ve¬ 
hicle.)  The  prediction  calculations 
also  included  a  3  dB  Increase  to  ac- 


*!'re ns ure- doubling  occurs  essentially 
only  if  the  acoustic  wavelength  is 
greater  than  the  vehicle  circumference, 
-  i.e.,  for  frequencies  f(llz)  >  c/tiD, 
where  c  represents  the  speed  of  3ound 
and  D  the  vehicle  diameter  [3], 
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One  may  observe  that  up  to  Mach 
0.6,  rocket  noise  is  likely  to  be  domi¬ 
nant,  whereas  at  Mach  0.8,  the  boundary- 
layer  turbulence  pressures  far  exceed 
those  associated  with  rocket  noise. 

Thus,  data  obtained  from  this  test  run 
at  Mach  numbers  below  0.6  must  npt  be 
ascribed  to  the  boundary  layer  (except, 
of  course,  for  the  decelerating  portion 
of  the  run,  where  the  rockets  were  not 
firing),  whereas  data  obtained  for  the 
most  interesting  transonic  region  above 
Mach  0.8  may  be  expected  to  be  rela¬ 
tively  uncontaminated  by  rocket  noise. 


TRANSONIC-SHOCK/BOUNDARY-LAYER 

INTERACTION 

At  Mach  numbers  slightly  below  1.0, 
regions  of  local  supersonic  flow  appear 
on  vehicles  aft  of  flares,  where  the 
flow  turns  and  expands.  These  superson¬ 
ic  regions  are  terminated  by  shocks  that 
cause  the  boundary-layer  to  separate, 
producing  an  unsteady  interaction  be¬ 
tween  the  shock  and  the  boundary  layer 
(see  Pig.  7).  The  complete  flow  pattern 
of  shocks,  separation,  reverse  flow  and 
boundary  layer  reattachment,  then  oscil¬ 
lates  in  the  stream-wise  direction  at 
relatively  low  frequencies  [1], 


Figure  5 

Comparison  of  Rocket  Sled  Test  Data 
with  Predictions  of  Engine  Noise 
and  of  Boundary  Payer  Turbulence 
(Test  5N-R1,  Mach  0.6,  Accelerating) 


Prediction  Method 

Figures  6  and  7  are  suggested  pre¬ 
diction  charts  for  the  maximum  (overall) 
fluctuating  pressure  due  to  this  tran¬ 
sonic  shock/boundary-layer  interaction 
and  for  the  Mach  number  at  which  this 
maximum  occurs.  These  figures  have  been 
extracted  from  [1]  and  are  based  on  the 
work  of  Wiley  and  Seidl  [5],  who  have 
carried  out  a  comprehensive  summary  and 
correlation  of  wind  tunnel  data  on  this 
interaction  phenomenon. 

Reference  [1]  suggests  that  the 
"shock  oscillation  frequency",  i.e.,  the 
frequency  fosc  at  which  the  flow  pattern 
oscillates  in  the  stream-wise  direction, 
may  be  predicted  by 

fosc  ”  °°o1‘5  U/XK  (1) 

where  U  represents  the  free-stream  ve¬ 
locity  and  xp  the  distance  from  the  edge 
of  the  flare  to  the  observation  point. 
This  frequency  corresponds  to  the  peak 
in  the  associated  non-dimensionelized 
fluctuating-precrure  spectrum  of  Fig.  8, 
which  is  also  based  on  [1],  Figures 
6—8  thus  provide  one  with  a  technique 
for  predicting  the  pressures  associated 
with  transonic  shock/boundary-layer 
interaction. 


Figure  6  (left) 

Maximum  Overall  Fluctuating  Pressure 
Aft  of  Flares  in  Transonic  Flow 


Figure  7  (right) 

Mach  Number  at  Will  eh  Maximum 
overall  Fluctuating  Pressure 
(Fig.  6)  in  Obtained 


Rocket-Sled  Model  Data 

Plots  of  the  overall  pressure  lev¬ 
el  LpjoAl  versus  time  are  available  for 
various  flush-mounted  microphones  from 
the  digitally  reduced  telemetered  rock¬ 
et  sled  test  data.  Two  examples  of 
such  plots  for  one  test  run  are  shown 
In  the  upper  part  of  Fig,  9.  In  the 
lower  part  of  this  figure  is  shown  the 
Mach  number/time  profile  for  the  same 
test  run,  obtained  from  test  range  data. 
On  the  basis  of  such  a  profile,  one  may 
calculate  how  the  dynamic  pressure  q 
varies  with  time  in  a  given  test,  and 
one  may  thr~  compute  th-  value  «f  the 
"dynamic  Pressure  level"  Lq  ■ 

20  log  (q/pref)  for  each  Instant.  (See 
Fig,  8  for  definitions  of  symbols.)  The 
variation  of  Lg  with  time  for  the  test 
run  under  consideration  Is  shown  in  the 
upper  part  of  Fig.  9j  however.  Ip  -  MO 
has  been  plotted  there  Instead  or  Just 
Lu,  in  order  to  make  this  curve  fall 
closer  to  those  for  the  microphone  data. 

In  view  of  the  definitions  of  the 
pressure  levels,  one  may  note  that 

V(OA)  -  Lq  ■  20  Xo«  <Poa/(,)  s  Lc*  (<?) 

Thus,  Lc  corresponds  directly  to  the 
difference  between  the  microphone  data 
curves  and  the  Lg  curve  of  Fig.  9;  where 
this  difference  is  greatest,  one  obtains 


vmmM.  turn*  i,,m 


v  1  pu  ro  R 

Mondlmuruslonsl  Th'  rd-;>rt,avo  hand  "pe«- 
trnm  of  I  possum  Fluctuations  tJndop 
Transonic  oscillating  Shock 
Aft  of  Flam 


Lc,max*  the  parameter  whose  value  Is 
predicted  by  Fig,  6.  By  noting  the  Mach 
number  at  which  Lc,max  occurs,  one  may 
also  determine  the  value  that  corre¬ 
sponds  to  the  prediction  indicated  by 
Fig.  7. 


Figure  10  shows  the  results  of  ana¬ 
lysis  of  applicable  rocket-sled  model 
data  in  the  previously  described  manner, 
together  with  the  corresponding  predic¬ 
tion  curves  taken  from  Figs,  6  and  7. 
Because  of  the  limited  number  of  micro¬ 
phone  positions  used  in  the  test  runs, 
data  are  available  for  only  a  very  few 
xp/D  values.  The  quite  considerable 
spread  in  the  indicated  data  comes  about 
from  the  differences  in  the  pressures 
sensed  by  a  given  microphone  in  differ¬ 
ent  test  runs,  and  also  from  differences 
In  the  signals  obtained  from  different 
(but  similarly  located)  microphones  In 
the  same  test  run.  The  agreement  be¬ 
tween  the  data  and  the  predictions  may 
be  seen  to  be  quite  reasonable  in  gener¬ 
al,  except  at  xp/D  •  1,7.  All  of  the 
data  corresponding  to  this  reduced  dis¬ 
tance  value  was  obtained  from  one  micro¬ 
phone,  which  was  located  about  M5  In. 
art  of  a  9°  flare,  but  also  only  6  In, 
ahead  of  a  17°  Tlare;  the  prediction  was 
based  on  the  flow  dl  sturb.-nce  due  to  the 
O'5  flare,  but  it  seems  possible  that  the 
disturbance  due  to  the  17°  flare  may 
have  had  a  more  pronounced  effect. 
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Figure  10  Indicates  how  well  one 
can  predict  the  overall  fluctuating 
pressure  associated  with  transonic 
shock/boundary-layer  interaction,  and 
Fig,  11  provides  similar  Information 
concerning  the  corresponding  1/3-octave 
band  spectra.  In  addition  to  the  pre¬ 
diction  curve  taken  from  Fig,  8,  Fig.  11 
shows  some  typical  data  from  six  differ¬ 
ent  microphones  and  two  test  runs,  all 
plotted  in  the  same  nondimens ional  form 
as  the  prediction  curve.  The  scatter 
may  be  seen  to  be  quite  considerable, 
but  on  the  whole  within  +5  dB  and  -10  dB 
of  the  prediction  for  Strouhal  numbers 
below  0,2,  and  within  +7  dB  and  -5  dB 
for  higher  Strouhal  numbers.  The  data 
points  cluster  somewhat  better  about  the 
"average  of  data"  curve;  clearly,  this 
curve  may  be  expected  to  yield  better 
predictions  (at  least  for  the  model  un¬ 
der  investigation)  than  the  previously 
suggested  prediction  curve. 


PRESSURE  CORRELATIONS  AND  CROSS-SPECTRA 
UNDER  TURBULENT  BOUNDARY  LAYERS 

Correlations 

In  order  to  calculate  the  responses 
of  a  structure  to  a  random  pressure 
field,  one  requires  some  Information 
concerning  the  spatial  distribution  of 
the  pressures,  in  addition  to  the  pres¬ 
sure  spectra  observed  at  various  loca¬ 
tions  on  the  structure.  Information 
concerning  spatial  distributions  of  ran¬ 


dom  pressures  is  most  often  expressed  in 
terms  of  cross-correlations  functions 
defined  as 

R(xj»zi»t;  Xj.Zjjt+x) 

-  <p(x1,z1,t)  p(x2  ,Z4 ,t+T)>  (3) 

where  x,,z,  and  x2,z2  denote  the  coordi¬ 
nates  of  two  observation  points  on  the 
structural  surface  under  consideration, 
t  denotes  time,  and  t  a  time  delay.  The 
brackets  <,..>  indicate  averaging  with 
respect  to  time.  (In  other  words,  the 
cross-correlation  function  is  obtained 
by  multiplying  together  two  surface 
pressure  measurements,  and  time-averag¬ 
ing  the  resulting  product;  one  measure¬ 
ment  is  taken  at  the  point  x1,z1  at  time 
t,  the  other  is  taken  at  x.  ,z.  at  time 
t+r.) 

It  is  usually  assumed  that  surface- 
pressure  fields  associated  with  turbu¬ 
lent  flow  are  spatially  and  temporally 
homogeneous  —  that  Is,  that  the  correla¬ 
tion  functions  depend  only  on  the  spa¬ 
tial  separations 

C  »  xa.  -  x,  ,  n  »  z2  -  z,  (*0 

between  the  two  measurement  locations 
and  on  the  time  separation  t,  and  not  on 
the  measurement  coordinates  and  observa¬ 
tion  time  as  such.  For  homogeneous 
pressure  fields,  one  may  thus  write 
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Figure  10 

Comparison  of  Rooket  Sled  Data  (from 
Va-l  ”is  Four  Different 

Test  Runs)  with  Predictions:  Mach 
Numbers  and  Maximum  Overall  Fluctu¬ 
ating  Pressure  for  Transonio  Shock/ 
Boundary-Layer  Interaction 


Figure  11 

Comparison  of  Rocket  Sled  Data  with 
Predictions:  Nondimenslonal  Spectrum 
of  Pressure  Fluctuations  due  to  Tran¬ 
sonic  Shock/Boundary-Layer  Interaction 


HU.n.t)  *  <p(x, ,z, ,t)  • 

p(xI+5,z1+n,t+i)>  (5) 

The  curves  shown  In  Figs.  12  and 
13  were  taken  from  [6]  and  summarize 
data  on  R(C,0,0)  and  R(0,n,0)  obtained 
by  several  authors.  Both  of  these 
functions  pertain  to  zero  time-delay  t; 
the  first  indicates  the  effect  of  only 
stream-wise  separation  £  of  the  mea- 
iurement  locations,  and  the  second  in¬ 
dicates  the  effect  of  separation  n 
transverse  to  the  flow-direction  by  it¬ 
self.  Note  that  the  data  in  Figs.  12 
and  13  are  presented  in  terms  of  sepa¬ 
ration  distances  normalized  with  respect 
to  the  boundary  layer  displacement 
thickness  6*. 

Also  shown  in  Figs.  12  and  13  are 
data  obtained  from  the  or.e  rocket-sled 
run  for  which  extensive  cross-correla¬ 
tion  computations  were  undertaken. 

Values  of  the  cross-correlation  func¬ 
tions  were  obtained  directly  from  com¬ 
puter  print-outs  of  R(£,0,t)  or  R(0,n,x) 
for  various  microphone  pairs.  From  the 
microphone  locations  on  the  test  vehi¬ 
cle,  the  separation  distances  £  and  n 
were  known  to  be  2.0,  6.0,  and  10.5  in. 
The  boundary  layer  displacement  thick¬ 
ness  was  calculated  for  each  individual 
microphone  from  [6,2] 

«•  -  0.l6u/fp  (6) 

where  U  represents  the  free-stream  ve¬ 
locity  (l.e.,  here  the  speed  of  the 


Figure  12 

Space-Correlation  of  Roundary  Layer 
Pressure  Fluctuations  in  the 
Flow  Direction 


rocket-sled).  The  frequency  fp  at 
which  there  occurs  the  peak  in'the  "hay- 
stack11  third-octave  band  spectrum  of 
pressure  sensed  by  the  microphone  under 
consideration  was  determined  simply  by 
inspection  of  the  appropriate  third- 
octave  band  spectrum  plot.  Because  the 
two  microphones  of  a  cross-correlated 
pair  generally  do  not  yield  the  same 
value  of  fp,  one  usually  obtains  two 
values  of  “/<5  *  or  n/6*  for  each  value 
of  R.  Thus,  each  value  plotted  in  Figs. 
12  and  13  is  shown  not  as  a  single 
point,  but  as  two  points  connected  by  a 
horizontal  (constant  R)  line. 

The  rocket  sled  data  may  be  seen 
to  agree  generally  with  the  prior  data. 
However,  the  rocket-sled  data  points 
exhibit  considerable  scatter,  and  a 
large  number  of  these  points  for  norma¬ 
lized  separation  distances  below  about 
3.0  correspond  to  |P.|  <  0.1.  There 
appears  to  be  no  physical  reason  for 
such  behavior;  it  is  possible  that 
these  small  correlation  values  result 
from  relatively  large  signal/noise 
ratios  in  the  system.  (The  occurrence 
of  such  signal/noise  ratios  may  be  sus¬ 
pected  from  the  very  irregular  charac¬ 
ter  of  the  various  computed  correlation 
and  coherence  functions.) 

Convection  Velocity 

The  convection  velocity  U0  or  a 
correlation  Is  often  taken  as  a  typical 
measure  of  its  time-separation  depend¬ 
ence.  This  velocity  is  usually  found 
by  dividing  the  stream-wise  separation 
distance  $  for  a  given  microphone  pair 
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Figure  13 

Space  Correlation  of  Boundary  Layer 
Pressure  Fluctuations  In  Direction 
Transverse  to  Flow 


by  the  delay  time  t  for  which  the  cor-  r(w,0,0)  5  #(w) 

relation  R(£,0,t)  is  a  maximum.  Figure 

1*1  presents  some  such  results  of  previ-  1  r®  ,  _ 

ous  investigators,  as  taken  from  [6].  *  57  R(0,0,t)e  dr  ,  (9) 
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Figure  1H 

Spatial-Separation  Dependence  of  Broad- 
Band  Convection  Velocity  Uc,  Normalized 
with  Respect  to  Free-Stream  Velocity  U 


The  correlation  functions  comnuted 
for  the  rocket  sled  data  were  too  ir¬ 
regular  (probably  because  of  the  pre¬ 
viously  mentioned  signal/noise  problems) 
to  permit  one  to  select  appropriate 
correlation  function  peaks  for  compar¬ 
able  calculations.  However,  since  one 
expects  the  phase  $  to  vary  as 


♦  -  ut  •  id?/Uc  (7) 

where  <*>  »  2nf  represents  the  radian  fre¬ 
quency,  one  may  estimate  U„  from  values 
of  ♦/(*>  obtained  from  computer-generated 
plots  of  t  versus  frequency  f.  Corre¬ 
sponding  rocket-ol«d  data,  for  those 
limited  number  of  cases  where  definite 
values  of  |/f  could  be  read  from  the 
plots,  are  also  Indicated  in  Pig.  li). 

The  rocket-sled  data  may  be  seen  to 
agree  reaaonably  well  with  the  prior 
data. 

Coherence 

The  frequency-behavior  of  an  homo¬ 
geneous  cross-correlation  function  is 
usually  specified  in  terms  of  its  Four¬ 
ier  transform,  which  is  called  the 
croas-opoctrai  density, 

r<w,C,n)  •  5^-  |  H(C,n,T)e"lwTdT.  (8) 


where  R(0,0,t)  represents  the  autocor¬ 
relation  function  (which  is  independent 
of  location  for  homogeneous  systems). 
One  often  also  normalizes  the  cross- 
spectral  density  with  respect  to  the 
spectrum;  the  result  is  called  the  co¬ 
herence*  ; 


C(u,5,n)  -  .  (10) 

In  [12]  it  is  suggested  that  for 
turbulent  boundary  layers  one  may  ex¬ 
pect  the  coherence  to  obey 

C(w,?,n)  ■  A(we/uc)  • 

B(on/U0)e~u,5/Uc  •  (ii) 

where  A  and  B  are  two  experimentally 
determined  functions,  as  shown  in  Pig. 
15. 


Amplitudes  of  One-Dimensional  Longitu¬ 
dinal  and  Lateral  Crosa-Spectral  Den¬ 
sities  for  Turbulent  Boundary  Layer 
(After  Corcoa,  Ref.  12) 

Corresponding  plots  of  the  stream- 
wise  and  transverse  coherences,  C(n»iC,0) 
and  C(w,0,n),  are  shown  In  Flgu.  16a 
and  16b,  respectively,  together  with 
data  points  obtained  from  rocket-sled 
test  run  5N-51  (the  only  run  where  suf¬ 
ficient  data  reduction  for  extraction 
of  coherence  data  was  accomplished). 
These  points  correspond  to  several  mi¬ 
crophone  pairs,  but  only  to  frequencies 


For  zero  spatial  separation,  the  irosa- 
spectral  density  reduces  to  the  ordi¬ 
nary  power  spectral  density  ♦{«); 


•This  definition  assumes  that  the  power 
spectral  density  Is  the  same  for  the 
two  locations  being  cross-correlated. 
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of  250,  500,  and  1000  Hz.  Points  cor¬ 
responding  to  these  arbitrarily  chosen 
frequencies*  were  read  from  smoothed 
coherence-vs-frequency  plots  for  the 
various  microphone  pairs.  Although 
many  of  the  data  points  cluster  reason¬ 
ably  well  about  the  predicted  curves, 
many  data  points  for  u?/Uc  greater  than 
about  1.5  lie  considerably  above  the 
curves.  This  discrepancy  may  again  be 
attributed  to  signal/noise  problems, 
which  are  evident  from  the  very  irregu¬ 
lar  character  of  the  experimental  coher- 
ence-vs-frequency  plots  (many  of  which 
appear  not  to  decrease  with  increasing 
frequency) . 

PANEL  raoi'UJSE 

Prediction  Approach 

The  "statistical  energy  analysis" 
approach  has  proven  useful  for  many  re¬ 
sponse  prediction  applications  where  the 
excitations  and  the  responding  struc¬ 
tures  are  only  incompletely  known  [13]. 
This  approach  gives  only  "broad-brush" 


•Reference  [12]  shows  that  finite  trans¬ 
ducer  diameters  lead  to  errors  in  the 
measured  spectra,  and  that  for  micro¬ 
phones  with  radius  r  this  error  is  less 
than  10*  if  wr/Uc  Is  lesa  than  0.15. 

For  r  ■  3/6  in.  and  Uc  »  0.8U  (see  Pig. 
lit),  one  finds  that  here  the  error  is 
less  than  10*  if  f(Hz)  <  1600  M.  Thus, 
for  M  •  0.6,  the  data  is  essentially 
valid  up  to  about  1000  Hz. 


estimates,  but  has  two  significant  ad¬ 
vantages;  it  is  relatively  easy  to  use, 
and  it  requires  a  minimum  of  input  in¬ 
formation. 

Dyer  [lit]  has  delineated  how  this 
approach  may  be  used  to  predict  the  re¬ 
sponses  of  lightly  damped  (and  also  rib¬ 
bed)  cylindrical  shells,  cyllndrlcally 
curved  panels,  and  flat  panels  (typical 
of  aerospace  structures)  to  randomly 
fluctuating  prbs.sures.  One  may  rewrite 
his  results  conveniently  as 


a 

_rms  .  f_wg_l 
prms  [ 2ym*  j 


(12) 


where 


ija 

*  fc 


0  ■ 


for  <  1 
L  °L 


for  as-  >  i 

CL 


(13) 


and  p  •  root-mean-square  pressure  in 

a  given  frequency  band 

a  ■  resulting  root-mean-square 

8  acceleration  in  same  fre¬ 
quency  band 

m  •  mass  of  panel  (or  shell)  per 
unit  area 

w  ■  2*r  •  radian  frequency 


Figure  16b 


Figure  16a  Coherence  of  Boundary  Layer  Pressure 

Coherence  of  Boundary  Layer  Pressure  Fluctuations  in  Direction 

Fluctuations  In  the  Flow  Direction  Transverse  to  Flow 


m.  M.K  aocot^Mi 


a  =  panel  or  shell  radius 

cL  *  longitudinal  wavespeed  In 
panel  or  shell  material 
*2  x  10s  in. /sec  for  steel 
or  aluminum 

Y  =  panel  edge  absorption  co¬ 
efficient  . 

All  of  the  Darameters  required  for 
the  evaluation  of  Eqs.  (12)  and  (13) 
may  be  determined  very  easily,  with  the 
exception  of  the  absorption  coefficient 
y.  This  coefficient,  which  character¬ 
izes  the  damping  of  the  structure,  may 
be  determined  from  damping  measurements 
[15]  or  may  be  estimated  by  use  of 
appropriate  generalized  prediction 
charts  [16].  For  typical  riveted,  spot- 
welded,  or  bolted  panels,  y  varies  be¬ 
tween  about  0.05  and  0.3  and  increases 
with  increasing  frequency. 

Comparison  With  Test  Data 

In  order  to  study  panel  responses, 
3ome  of  the  "boiler  plate"  panels  on 
the  top  of  the  rocket  sled  model  were 


replaced  by  thinner  panels  in  the  later 
test  runs.  In  these  runs,  the  vibra¬ 
tions  of  these  panels  were  monitored  by 
means  of  several  light-weight  acceler¬ 
ometers  attached  to  each  panel,  and  the 
fluctuating  pressures  were  measured 
simultaneously  by  means  of  flush-mounted 
microphones  that  protruded  through  the 
panels  (but  did  not  touch  them) . 

Figure  17  illustrates  some  third- 
octave  band  pressure  and  acceleration 
data  for  a  panel  in  the  payload  section 
(see  Fig.  1)  of  the  model;  Fig.  17a 
corresponds  to  rather  rough  turbulent 
flow,  whereas  Fig.  17b  corresponds  to 
much  smoother  reattached  flow. 

Figure  18  shows  average  values  of 
arms/Prms  calculated  from  Fig.  17  and 
from  similar  data  obtained  from  a  panel 
mounted  in  the  S-II  section  of  the  test 
model.  Although  the  two  panels  were  of 
considerably  different  appearance  (see 
Table  III),  the  points  in  Fig.  18  clus¬ 
ter  remarkably  well  -  attesting  to  the 
fact  that  only  a  very  few  parameters 
affect  the  response  ratio  arms/prms 


Figure  17n 

Prrnnureo  and  Accelerations  Measured  on 
rayload  Panel  In  Turbulent  Flow 
(Test  5N-P?,  Mach  l.n) 


Figure  171. 

Pressure:'  and  A^celerat  lotus  No  ns ... :  d  on 
Pv/lend  I  a ru-  1  tn  fe;,»  \  ached  Flow 
(Test  i, l.pr, ) 
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significantly,  and  that  these  parameters 
are  not  very  di fferent  for  the  two 
panels. 
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Figure  18 

Comnarison  of  Measured  and  Calculated 
Panel  Responses 


TABLE  III 

Test  Panel  Parameters 


proportional  to  vm*//a,  a  theoretical 
line  that  corresponds  to  a  certain  value 
of  y  for  the  payload  panel  corresponds 
to  a  higher  value  of  y  for  the  lighter, 
larger-radius ,  S-II  panel.  The  agree¬ 
ment  between  the  measured  data  and  the 
values  calculated  for  reasonable  as¬ 
sumed  values  of  y  is  seen  to  be  aulte 
satisfactory.  Unfortunately,  direct 
measurement  of  the  y’s  at  the  test 
panels  has  not  yet  been  accomplished. 

CONCLUSIONS  AND  RECOMMENDATIONS 

It  has  been  shown  that  rocket-sled 
tests  can  be  extremely  useful  for  the 
study  and  simulation  of  the.  fluctuating 
pressures  that  act  on  aerospace  vehicles, 
particularly  at  transonic  and  high  sub¬ 
sonic  speeds,  and  of  the  associated  re¬ 
sponses  of  surface  structures.  However, 
during  the  initial  (low  subsonic)  por¬ 
tions  of  the  acceleration  phase,  noise 
from  the  propulsion  rockets  tend3  to 
predominate  and  to  make  it  practically 
impossible  to  obtain  useful  fluctuating- 
pressure  data  from  this  phase. 

Rocket-sled  model  data  on  the 
levels  and  spectra  associated  with  tran- 
sonic-shock/boundary  layer  interaction 
and  on  the  Mach  numbers  corresponding  to 
these  "oscillating  shocks"  were  found  on 
the  average  to  agree  reasonably  well 
with  predictions  based  on  previously  de¬ 
veloped  methods .  Values  of  stream-wise 
and  transverse  correlations,  convection 
velocities,  and  coherences  calculated 
from  the  rocket-sled  data  were  also 
found  to  be  in  reasonable  agreement  with 
similar  values  obtained  from  earlier  in¬ 
vestigations. 


Panel  Location 

Payload 

S-II 

Skin  (Aluminum) 

0.1?" 

0.16" 

Radius  (In.) 

7.57 

19.67 

Axial  length 
(in.  ) 

15.5 

3^.8 

Subtended  Angle 

180° 

l8o° 

Ribs 

None 

10  axial,  plus  1 
circumferential 

Approx,  mass 
per  unit  area 
( lb/in.* ) 

0.01? 

0.00? 

Also  shown  In  Fig.  18  are  two  lines 
representing  values  calculated  for  vari¬ 
ous  .reasonable  constant  values  of  y. 
Since  for  ua/c^  <  1  Eqs.'  (12)  and  (13) 

Indicate  that  the  ratio  o*  /a*  is 

rms  rm3 


The  data  obtained  from  the  rocket- 
sled  tests  exhibit  a  great  deal  of 
scatter.  In  order  to  determine  how 
much  of  this  scatter  is  inherent  in  the 
actual  signals,  and  to  verify  the  per¬ 
formance  of  the  data  acquisition  sys¬ 
tems,  it  would  be  instructive  to  carry 
out  some  comparison  tests  under  les3 
severe  environmental  conditions,  e.g., 
in  a  wind  tunnel. 

Panel  response  data  obtained  from 
measurements  taken  during  rocket-sled 
runs  were  found  to  be  in  reasonable 
agreement  with  corresponding  values  cal¬ 
culated  from  a  simple  expression  that 
was  derived  on  the  basis  of  statistical 
energy  analysis.  These  calculations 
were  based  on  reasonable  estimated  val¬ 
ues  of  the  panel  edge  absorption  coef¬ 
ficient;  experiments  to  measure  this 
coefficient  directly  would  be  useful  in 
order  to  determine  how  well  the  esti¬ 
mated  values  used  in  the  calculations 
represent  the  actual  values. 


211 


It  would  ue  of  considerable  general 
Interest  to  apply  the  rocket-3led  test 
system  also  to  Investigate  the  excita¬ 
tions  and  responses  associated  with 
base-pressure  fluctuations  and  with 
flows  aft  of  protuberances  and  In  wakes. 
In  addition.  It  would  be  extremely  use¬ 
ful  to  study  the  Reynolds-number  depend¬ 
ences  of  the  various  fluctuatlng-pres- 
sure  phenomena  by  comparing  the  1/10- 
scale  model  data  obtained  In  the  pres¬ 
ent  program  with  similar  smaller-scale 
wind-tunnel  model  data  and  with  full- 
scale  vehicle  flight  data.  In  addition, 
a  more  thorough  study  of  the  structural 
responses  —  to  account,  for  example,  for 
the  effect  of  matching  of  the  flexural 
wavespeed  with  the  convection  3peed,  and 
for  the  nonuniform  modal  densities  known 
to  occur  with  uniformly  spaced  ribs  — 
should  prove  to  be  most  rewarding. 
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DISCUSSION 


Mr.  Sotphin  (Martin  jhrijte  Corporation): 

I  understand  S3  the  ribratka  amrlroament  on 
rocket  sleds  is  pretty  tough  tad  It  f  raquaatly 
makes  bash  oat  of  prmut  BMasaniDOBts.  Old 
you  nab  an}  pr— art  mmauretMota  on  panels 
protected  Iron  the  flow  u  a  check? 

Mr.  ttgf  Ho  w*  did  not  do  that,  bat  wt 
war*  vary  careful  about  the  microphones.  They 
war*  *jot  laolatad  bat  were  vibration  campon* 
s*ed  u  t&r  at  possible.  W#  knew  tha  aecelem- 
tton  awdtWty  of  tacit  microphone  and  «a 
knew  the  acceleration  lava)  at  each  aticropfcoae, 
tharafora  w*  knew  what  data  war*  food  aad 
wknt  data  vara  bad.  Aad  w*  got  mostly  good 
data,  surprisingly  enough,  although,  aa  you  my, 
tha  vibration  onvtroament  oa  tha  rockat  alad  la 
pretty  rough. 

Mr.  tauat  ttHatverutfr  of  Marvtaad):  la 
yoor mgS&Si  aa  tha  oblique  abocknnaii* 
Into  ahat  lookad  Uka  a  aenaal  attack,  you  had 
a  shock  btfuricatiea,  a  laminar  shock.  Did  you 
ataaaora  tha  ahoch  angle*,  aad  tf  ao,  have  you 
triad  to  compare  yoar  raoalta  with  theory? 

Mr.  Oagart  No,  w*  had  a  hard  enough  time 
msUerliteuriace  praeeuren,  aad  tha  Aock 
proaaoraa  art  completely  obocarad  by  tha 
serine*  pressure!.  W*  triad  vary  hard  to  **- 
truri  the  pressure  dlecastiituity  but  we  could 
act  raaoha  whether  or  when  tha  ahock  atradlad 
tha  microphone  or  passed  over  tha  microphone. 

Dew  kp  meet  Caatar):  tear  hwaaogatorahava 
ewgktto  obtain  a  taitveraal  curve  by  plotting 
tha  tarnhUai  baetkt  against  wr/a^  l  took 
tha  data  of  J.  t,  Seru/lai:  deary  Bskwrott;  aad 
W.  &  Wltimnrth  aad  S.  W,  Root,  aad  othara 
aad oaad a similarity variable {«r/u J  yt/f* 
aad  f  ooad  that  tha  oaivaraal  com  is  merit 
Unproved.* 

Mr.  Umar-  W*  dM  not  try  to  do  Ik*  seam 
ildag  ttot  ^lagnafad.  We  ted  &  hard  roo*h 
Maw  with  tha  cateatatMoa  aa  far  aa  (hay  have 
gun*.  O  of  the  pjobhaa.  as  yoa  aad  imam, 
la  that  it  la  assy  to  tors  oa  tha  coaapmer  aad 
let  M  do  ha  Udag  aad  produce  ratios  aad  mile* 
of  prlatooL  Tha  asm  guaalloa  la  whet  do  yoa  do 
with  Ht  tloaeUy  aft*  eftoaot  tabs  those  ouoa 
ecaqa dor  printout*  aad  food  thaw  hack  iato  tha 
compmer  aad  haaa  it  do  all  tha  dirty  work;  this 
amouma  to  people  doing  a  lot  of  duty  work, 
thus  tha  amomd  of  elide  mil  processing  ant 
b#  vary  Halted. 


Mr.  Le2»wtU:  You  era  also  aware  that 
programs  era  available  for  computing  tha  cross 
correlation  of  tha  rrapoRes  data. 

Mr.  Oogar.  W»  have  Vita  of  cross  corrals* 
Mobs  to  response  data  bat !  would  like  to  find  a 
simple  way  of  predicting  tba  cross  correlations 
or  response.  It  la  ao  trick  at  all  to  ton  oa  tha 
computer  aad  compute  anything.  Yaa  can  go 
mad,  bat  whet  does  it  mesa?  What  does  it  moan 
an  tha  aaxt  try  ?  ft  la  usually  a  Job  to  flad  oat 
what  happaoed  la  tha  past  bat  I  am  usually  more 
lateroated  in  fiodlag  out  what  Is  going  to  beppoa 
oa  tha  asset  oaa  bacaoaa  I  do  not  usually  cars 
about  the  past  om  except  to  develop  some  gen* 
oral  understanding.  Tha  real  purpose  of  this 
paper,  aan  tha  previous  paper,  la  to  validate 
prediction  methods.  What  la  going  to  happen 
aaat,  how  good  are  tha  various  empirical  aad 
theoretical  models  that  w«  have?  That  la  oa* 
of  the  things  wa  have  triad  to  accomplish. 

Mr.  Van  grit  (Aerospace  Corporation): 

Macs  Utb  waa  a  seals  SSiSIlBryeu  make  any 
»nb  the  full  ««iu  maaanrainanra 
that  w era  made  aa  part  of  tha  datura  Program? 

Mr.  Uttar  No  we  did  not  try  to  match 
say  dtW  night  profUaa  because  this  was  not 
really  the  purpose.  I  would  vary  much  Uka  u> 
have  the  opportunity  to  collect  1/100  seal*  data 
from  the  wind  tuanai,  1/10  seal*  data  from  the 
rockat  alad,  tail  seal*  data  from  tha  vehicle, 
aad  thea  study  the  effect  of  Reynolds  number. 

I  think  that  aaada  to  be  done  and  it  has  sot  haaa 
dans  yet  to  my  knowledge.  Oa*  of  the  big  quas* 
Uaa*  that  we  hnva  run  Into  l*  what  la  tha  affect 
of  Reynolds  number?  Apace  shuttle  la  haring 
their  problems  mar  that  people  ar*  making 
predictions  from  model  stadias  which  ar*  oa 
tha  order  of  ft  site  model*,  aad  these  Reynolds 
number*  are  off.  hi  aome  simple  flows  wa  can 
pradtet  what  happen*,  but  what  happens  to  com* 
plicated  flow*  whan  the  atratU*  comoe  down 
flat  aid*  first?  Than  are  ao  predictions.  Row 
doe*  oa*  do  that  aad  row  does  oa*  get  a  real* 
title  Reynolds  number  teat?  Aa  far  a*  1  (mow 
there  Is  only  an*  wind  haunt  la  the  world  that 
caa  coo*  do**  to  yetting  tha  right  Reynolds 
umber  aad  that  happens  to  b*  a  stag!*  shock 
facility  la  Brussels  that  uses  Ugh  density  gas 
to  jack  up  the  Reynolds  number.  B w  you  still 
have  a  small  modal  aad  a  short  duration  flow 
la  dm  tuanai  ao  that  the  problem  of  deriding 
whether  you  realty  have  fatty  developed  flour 
and  ao  oa  still  oaima. 


♦■•Comparer  t**o*ramnU«a  far  Correction  ol  Roomie ry  l^yer  Pr***ur*  Fluctuation*  for  Hydrophone 
kite  and  Boundary  Uayer  Thick****  Effect* -Option  I,'*  hy  Ralph  C.  Leibowiu  and  Delore*  R.  W»|- 
Uce.  feSRDC  Report  ft 7M.  Sept.  itTO. 
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The  flow-induced  vibrations  of  er.  elastically  supported 
ey.inier  "hieh  It  expos-  1  to  crossflow  _-an  be  reduced  by  tvo 
methods:  or.e  method  is  to  change  the  parameters  of  the 
vibrational  system  in  such  a  fashion  that  the  approach 
vjIol  ;y  nt> ***■??*  s^Uiils  cr  sxc^S'is  th?  v'^lcclty,  1.6.  t 

the  velocity  at  which:  large  amplitudes  start  to  occur;  and 
ue  second  method  Is  to  reduce  the  flow-induced  vibrations 
changing  the  flow  arov.nd  the  cylinder,  i.e.,  to  change  the 
.urface  of  the  cylinder.  This  report  discusses  at  length  the 
effects  of  surface  modifications  on  the  flow-induced  vibra¬ 
tions.  !*■  is  seen  that  surface  modifications  can  reduce  the 
a  silty a as  of  the  flutter  motions. 


: .  i  i  r  .  f, :  '*'■ 

The  flutter  phenomenon  which 
occurs  when  an  elastically  supported 
circular  cylinder  is  brought  into 
steady  fluid  flow  has  been  extensively 
discussed  by  several  researchers  in  the 
past  c  y-.-ars  ’  i ] .  i r.  this  investiga¬ 

tion,  the  elastically  supported  cyiir.- 
Jer  is  a  submerged  moored  buoy,  21 
inc:.ec  in  diameter  and  LOr-  Inches  long. 
This  cy. inter  has  positive  buoyancy  and 
is  restrained  from  rising  tc  the  sur¬ 
face  or  being  swept  downstream  by  a 
moor'.!  -  cable  which  is  attached  to  the 
l.os-jf  face  of  th-  cylinder.  The  result¬ 
ing  vibrational  system  resembles  a 
double  peruiu  urn.  hx-t riven ta  1  flutter 
notions  c  .cur  when  the  moored  ystem  ip 
sub.' ee to  i  to  currents  which  exceed  » 
certain  critica:  velocity. 


Ph-u  problem  of  preventing  these 
se;  f -excited  vi bre.tior.s,  cr  at  least 
reducing  the  :  mpl! ludes  to  a  tolerable 
'evel,  can  be  approached  m  two 

"Assoc .  Professor,  Department  of 
Mechanic** .  Engineering,  University  of 
Mary:and,  Mol  ;i=ge  Pat  h  .  Mary  <  "nd 


fundamentally  different  ways:  one, 
from  the  vibration  dynamics  point  of 
view,  is  to  change  the  elastic  support 
•n  such  a  fashion  that  the  excitation 
forces  will  not  cause  detrimental  case 
motions:  two,  from  the  fluid  dynamics 
point  of  view,  is  to  Influence  the 
mechanism  by  which  energy  is  transferred 
from  the  f  owing  medium  to  the  vibrating 
system  in  such  a  fashion  as  to 
inhibit  an  asymmetrical  pressure  dis¬ 
tribution  which  alternates  periodically. 

The  first  approach,  i.e.,  changing 
the  elastic  support  parameters,  is  of 
only  limited  interest.  As  is  easily 
visualized,  these  parameters  consist 
in  the  present  syste...  of  the  mooring 
•cable  length,  the  positive  buoyancy 
■'the  displacement  volume  is  fixed)  and 
the  separation  distance  of  the  centers 
of  gravity  and  buoyancy.  However,  due 
to  the  desired  flexibility  in  enpl&ymer; 
cf  the  buoy  system  and  due  to  the 
inherent  design  features  of  the  system, 
the  mooring  cable  length  must,  stay 
variable  over  large  limits  and  the 
remaining  two  parameters  cannot  be 
altered  significantly .  The  onset  of 
f i ow-lndue.. i  motion  carrot,  therefore, 
be  appreciably  delayed.  A  rather 
simplistic  parametric  study  suffices  to 
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clarify  anc>  justify  this  conclusion. 

The  parametric  study  is  er*ven  in  the 
next  section. 

The  second  approach,  namely,  to 
arrest  or  at  least  sufficiency  influ¬ 
ence  the  fluid  dynamic  mechanise  by 
which  energy  is  transferred  fro®  the 
ocean  currents  to  the  oscillating 
cylinder,  is  of  more  practical  interest . 
Upon  closer  examination  of  the  flow 
ai ouna  a  blunt  body  such  as  a  circular 
cylinder,  the  following  physical 
pnenoaena  are  observed.  Vorticity  is 
continuously  created  on  the  upstream 
face  of  the  cylinder  (see  Figure  1). 

The  axes  of  these  snail  line  vortices 
sre  parallel  to  the  cylinder  axis. 

Since  the  length-to-diametcr  ratio  is 
five,  a  two-dimensional  flow  considera¬ 
tion  is  sufficient.  The  vorticity  is 
cenvected  to  the  rear  of  the  cylinder, 
where  it  will  cause  two  large  vortices 
of  opposite  rotation  to  form.  As  long 
as  the  Reynolds  number  (based  on  the 
undisturbed  approach  velocity,  and  the 
cyllndei  diameter)  remains  below  5C, 
the  vortices  will  remain  attached  and 
symmetrical  a.;  shown  in  Figure  1.  Once 
the  Reynolds  number  exceeds  a  value  of 
approximately  5C,  the  vortices  will 
shed  from  the  cylinder.  The  vortex 
shedding  occurs  periodically.  The 
relation  between  the  frequency  of 
vortex  shedding,  the  fluid  velocity 
relati  ve  to  the  cylinder,  and  the 
diameter,  was  originally  determined  by 
V.  Strouhal  [2]: 


The  constant  of  proportionality  S, 
the  so  called  Strcuhal  number,  is  a 
function  of  the  Reynolds  number.  This 
function  has  been  experimentally 
determined  for  various  body  shapes  over 
a  wide  Reynolds  number  range.  For 
circular  cylinders  the  following  values 
were  found: 


Re  <  50  : 

no  vortex  shed¬ 
ding  is  obser¬ 
ved  C  32 

50  <  Re  <  150  : 

S  ■*  0.212  (1  - 
21.2/Re)  [R] 

300  <  Re  <  2000  : 

S  =  0,212  (1  - 
12.7/Re)  [33 

2  x  10^  <  Re  <  1  x  10*: 

S  lies  between 
0.18  and  0.21 
[A,  5] 

?.e  a  2  x  105  : 

S  lies  between 
0.25  and  O.33 
[53 

Re  >  3.5  x  106  : 

S  =  0.27  [63 

The  vortices  do  not  shed  simultaneously 
but  individually  in  alternating  fashion. 
Consequently,  an  asymmetrical  flow 
field  is  established  around  the  cylin¬ 
der.  The  integral  of  tne  resulting 
pressure  distribution  over  the  upper 
(first  and  second  quadrant)  and  the 
lower  (third  and  fourth  quadrant)  side 
will  now  yield  the  magnitude  of  the 
oscillating  lift  force.  The  maxima 
of  these  life  forces  (the  so  ca  led 
Karman  forces^  are  of  the  same  order  of 
magnitude  as  the  total  steady  drag 
force  acting  on  the  cylinder  [5].  In 
all  of  the  above  investigations,  which 
determined  the  Strouhal  numbers  at  var¬ 
ious  Reynolds  numbers  and  which  corre¬ 
lated  the  pressure  distribution  with 
the  wake  and  the  forces  acting  on  the 
cylinder,  the  cylinder  was  h»ld  rigidly 
in  place;  i.e.,  no  motion  of  the  cylin¬ 
der  took  place.  The  resulting  near¬ 
wake  structure  is  the  well-known  Karman 
,rortex  street  [?]. 

From  the  fundamental  observations 
described  in  the  above  paragraph,  it 
Is  seen  that  there  are,  in  turn,  three 
different  approach.es  which  will  suffi¬ 
ciently  Impair  the  mechanism  by  which 
energy  is  transferred  from  the  fluid 
flow  tc  the  vitrating  body: 

1.  preventing  the  shedding  of  the 
vortices, 

2.  preventing  the  formation  of 
strong  vortices  behind  the  cylinder, 
and 

?.  preventing  the  vortex  shedding 
to  occur  suddenly  along  the  total 
length  of  the  cylinder. 

The  first  approach,  i.e.,  t.o 
prevent  flutter  by  stabilizing  the 
vortices,  led  to  a  complete  success 
[8,  >)].  it  was  found  that  the  two 
vorticea  behind  the  cylinder  car.  only 
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be  at  rest  with  respect  to  the  cylinder 
If  they  lie  on  symmetrical  positions  on 
the  FSppl  path  (see  Figure  2)  which  is 
given  by  the  equations 

i  2  yi  =  ri  ’  i  =  1.2  (2) 

The  condition  of  zero  translational 
velocity  of  the  vortices  with  respect 
to  the  cylinder  also  requires  the 
strength  of  each  vortex  to  depend  upon 
its  position  on  the  FBppl  path  and  the 
approach  velocity;  the  required  vortex 
strength  is  given  by  the  relation 


<  =  2Uy,  (1  -  -\)  i  =  1,2  (3) 

ri 


Suppose  that  due  to  a  disturbance  in  the 
flow  field  the  vortices  are  displaced 
from  their  position  at  which  they  are  at 
rest  with  respect  to  the  cylinder.  The 
vortices  will  return  to  their  position 
on  the  FBppi  path,  if  the  displacement 
of  the  vortices  from  this  path  is 
symmetrical  with  respect  to  the  x-axls 
(see  Figure  2).  An  asymmetrical  dis¬ 
placement  of  the  vortices  from  their 
equilibrium  position  will  result  in 
instability,  i.e.,  the  vortices  will 


Fig.  2  -  Equilibrium  Positions  of 
Vortices 


A  method  of  stabilizing  the  vortices  now 
becomes  apparent.  If  a  thin  plate  is 
placed  along  the  x-axls  and  perpendic¬ 
ular  to  the  plane  of  the  paper,  the 
x-axls  must  then  be  treated  as  a  solid 
wall.  Due  to  tue  Image  effect,  any 
displacement  of  a  vortex  is  symmetrical 
with  respect  to  the  x-axis  and  stability 
Is  therefore  guaranteed.  The  technical 
realization  of  this  principle.,  a 
splitter  plate,  is  shown  in  Figure  3« 


The  second  approach,  namely,  to 
prevent  the  formation  of  strong  vor¬ 
tices  behind  the  cylinder,  has  led  onLy 
to  e  partial  success.  It  was  attempted 
to  create  many  small  vortices  having 
vortex  vectors  which  are  at  right 
angles  with  respect  to  the  cylinder  axis. 
In  this  way.  It  nay  be  possible  to 
prevent  the  formation  of  a  strong  vortex 


with  a  vortex  vector  parallel  to  the 
cylinder  axis.  Ho  analytical  solution 
has  been  attempted.  However,  an 
extensive  experimental  program  was 
carried  out.  The  vortices  at  right 
angles  to  the  cylinder  axis  were 
generated  by  a  matrix  of  small  circular 
cylinders  mounted  on  the  surface  of  the 
large  test  cylinder.  These  little  studs 
were  made  of  lexan  or  rubber.  Figure  h 
shows  a  typical  array  of  such  studs. 

The  lexan  studs  were  bonded  to  a  thin 
rubber  sheet,  which  was  then  wrapped 
around  the  cylinder.  Figure  5  shows  tic 
large  cylindrical  rods  (1  inch  in 
diameter  and  6  inches  long)  attacned  to 
the  tost  cylinder.  Further  details  as 
to  size  and  spacing  of  these  surface 
modifications  are  described  later  in 
the  report. 

The  third  approach,  which  can 
sufficiently  impair  the  mechanism  by 
which  energy  is  transferred  from  the 
fluid  flow  to  the  vibrating  system,  is 
to  prevent  the  vortex  shedding  from 
occurring  suddenly  along  the  total  laigth 
of  the  cylinder.  The  method  of  finding 
solutions  for  this  approach  was  again 
implemented  by  means  of  a  large-scale 
experimental  test  program.  Different 
surface  modifications,  such  as  spirals 
or  irreguiar  protrusions,  were  fixed 
to  the  test  cylinder  (see  Figure  6). 
V.'hile  such  modifications  solve  a 
similar  flutter  problem  when  the 
flowing  medium  is  air,  extensive  tests 
of  many  variations  of  these  surface 
modifications  showed  only  limited 
diminishing  of  the  self-excited 
vibrations  in  water. 


CRITICAL  FLOW  VELOCITIES 


The  free-stream  velocity  at  which 
flutter  starts  is  called  the  critical 
flow  velocity  Ucrit*  The  flutter 
motions  of  the  system  will  start  as  the 
vortex  shedding  frequency  approaches 
the  natural  frequency  of  the  system. 
From  Equation  (l)  we  may  therefore 
estimate  the  critical  flow  velocity  as 


It  is  see.:  that  for  a  system  having 
several  degrees  of  freedom,  several 
critical  flow  velocities  may  occur. 
However,  since  the  flutter  motions 
occur  over  a  large  range  of  approach 
velocities,  so  that  very  often  the 
system  may  still  be  In  a  flutter  state 
due  to  its  lowest  natUfal  frequency  wh«n 
flutter  due  to  Its  higher  natural  fre¬ 
quencies  starts,  the  lowest  critical  flow 
velocity  will  be  of  prime  Importance. 


A  simp.' fled  analysis  suffices  to 
predict  the  critical  fiow  velocities 
of  the  submerged  moored  cylinder. 
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Assuming  an  Initial  simple  excitation 
in  a  vertical  plane,  the  equations  of 
motion  of  the  rvlinder  in  a  stagnant 
fluid  (no  fore  ig  function  is  acting 
on  the  cylinder)  are: 

¥  •>  *  £  cos  (®-0)  -  ®2  £  8in(c-e)  + 

(5) 

sc sin  6  +  Ie  Kj-  “  0 

and 

©  +  0  cos  (®-S)  + 

mlT+I 


Kx  =  2L&  +  Hi  cos  (®-8)  (8) 

Kg  *»  H[Kd>  +  L&  cos  (®-0)3  (5) 

For  "velocity  squared  proportional” 
dangling  K^  and  Kg,  assume  the  values 

Kx  =  3/2  |  L282  +  [L262  + 

H2©2  +  2IjH8®  cos(cr-e)]^  (10) 

•[LB  +  H®  cos(®-9)]| 

and 


e2  J“S_  sln(®-8)  +  (6) 

mt^+I 

—  sin  ©  +  — §—  K;,  =  0 
ot  +1  mt^+l 


Kg  =  3/2  [L262  +  H2®2  +  2LH8®  cos 
(®-0)]^  [H2<6  + 

LH92  cos (®— 9)1 


where  V  =  B  -  w.  The  nomenclature  is 
shown  in  Figure  7* 


Fig.  ?  -  Nomenclature  of  Vibrating 
System 

In  deriving  Equations  (5)  and  (6),  it 
was  assumed  that  the  center  of  mass  of 
the  cylinder,  the  center  of  added  mass, 
and  the  center  of  buoyancy  coincide: 


For  the  vibrational  system  here 
considered,  Ucrj_t  ^ay  te  estimated  by 
employing  the  undamped  natural  frequency 
of  the  linearized  system.  Equations 
(5)  and  (6)  are  linearized  by  limiting 
the  motion  to  small  angles,  so  that 
sin0  »  9  and  sin®  ®.  These  condi¬ 
tions  were  met  for  the  initial  cylinder 
notions  experienced  within  the  experi¬ 
mental  part  of  this  investigation  as 
long  as  the. approach  velocity  of  the 
fluid  did  not  exceed  the  critical 
value.  For  the  simplified  configura¬ 
tion  for  which  Equation  (7)  is  vnlld, 
the  circular  frequencies  are: 


®2>2  -  w  1 


2  (i  -  J^SL) 

mt+I 


(12) 


where 


s,  .-(-4-  +  irf  -  Ml  -  -4s-)' 

mt  +1 


( - 3 - / 

mL(nvt  +1 ) 


(t3) 


The  damping  which  occurs  over  the 
complete  cylinder  was  considered  lumped 
at  the  top  and  the  bottom  of  the  cylin¬ 
der.  In  thiB  way,  all  of  the  occurring 
motions  are  damped.  For  "velocity 
proportional"  damping  Kj^  and  Kg,  assume 
the  values: 


For  the  case  in  which  the  center  of 
mass  of  the  cylinder,  the  center  of 
added  mass,  and  the  center  of  buoyancy 
do  not  coincide,  Equation  (12)  becomes: 


1,2 


SB-V  ,  W  , 
mt2+I  ±  ^2 


2(1 


mt2t-I 


(L4) 
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where 


,v-v 

mt2+I~ 


•mt2  v 
rat2+I 


w{*bb-V\ 

V” - 5 - < 

raLfmt^+I ) 


The  critical  velocities  near  which 
excessive  amplitudes  will  start  to 
occur,  therefore,  are: 


(15) 


('1)l,2  )D 

Ul,2(crit)  "  ~1 5rf| 


(16) 


where  the  circular  frequencies  2  are 
given  by  Equation  (14)  for  the  mofe 
general  case  and  by  Equation  (12)  for 
the  physical  configuration  for  which 
Equation  (7)  is  valid. 

For  the  sake  of  clarity,  it  is 
best  to  present  Equation  (16),  which 
contains  the  rather  complex  term  (12), 
or  term  (14),  graphically.  The  cylin¬ 
der  in  this  parametric  study  also  has 
a  diameter  of  21  inches  and  a  length 
of  108  inches. 


Figures  8  to  13  give  the  frequen¬ 
cies  and  critical  velocities  as  a  func¬ 
tion  of  the  cable  length.  While  for 
Figures  8  to  11  the  separation  "s"  is 
held  constant  and  the  parameter  "V"  is 
varied,  Figures  11  to  13  show  the 
influence  of  the  separation  "s"  on  the 
critical  velocity  with  the  positive 
buoyancy  "W"  held  constant.  Figures  9, 
U,  and  13  show  tne  critical  velocities 
when  the  moment  of  Inertia  I  is  20 
percent  lower  than  the  theoretically 
calculated  value.  When  deriving  this 
value,’  the  added  mass  was  assumed  to 
be  equal  to  the  mass  of  the  displaced 
fluid. This  rather  customary  assump¬ 
tion  (for  long  circular  cylinders) 
proved  to  be  quite  accurate  when  pre¬ 
dicted  natural  frequencies  were  compared 
with  the  frequencies  obtained  in  pendu¬ 
lum  tests  in  water,  as  long  as  the 
motion  of  the  cylinder  was  basically 
a  trans latory  motion.  When  the  higher 
na(jiral  frequency  Is  excited,  the 
cylinder  will  undergo  a  rotary  motion 
areund  f'.n  axis  which  is  perpendicular 
to ’.the  plane  in  which  the  translatory 
motion  occurred.  For  this  type  of 
motion,  the  added  mass  Is  smaller  than 
the-  mass  of  the  displaced  fluid. 
Experiments  suggested  the  shown  lower 
value  for  the  moment  of  inertia.  The 
dotted  line  in  Figures  8  to  13  Is  valid 
for  the  cylinder  which  was  tested  in  the 
full-scale  towing  tests  (see  Figures  15 
to  1.8)  and  to  which  also  surface 
modifications  were  applied.  The  param¬ 
eters  for  this  cylinder  were: 


W  *  319  Its,  w  *  999  lbs,  s  =  12.0 
inches,  arid  I  =  542.36  .slug-ft^. 

TEST  PROCEDURE 

A  20-foot  flexible  steel  cable 
moored  the  cylinder  to  a  sled  which 
moved  on  tracks  along  the  bottom  of 
the  tank  (Figure  14).  Quartz-iodide 
lamps  (650  watts)  were  used  in  the  tank 
for  frontlighting.  A  six-lamp  light 
bank  was  placed  slightly  above  camera 
level  on  the  south  wall  of  the  tank. 
Another  six-lamp  light  bank  was  placed 
on  the  east  wall  at  the  beginning  of 
the  effective  range,  and  about  22  feet 
above  the  bottom  of  the  tank.  'A  nine- 
lamp  light  bank  was .also  placed  on  the 
east  wail  about  25  feet  dowrirange  from 
the  second  light  bank  and  about  22  feet 
above  the  bottom  of  the  tank.  The 
camera  was  placed  at  the.  south  end  of 
the  tank  about  32  feet  above  the 
bottom  of  the  tank  and  behind  the 
center  viewing  port. 

_ 2 _ . 


.Fig.  14  -  Test  Arrangement 

The  driving  D.il.  motor  moved  the 
towing  cable  which  was  attached  to 
both  ends  of  the  sled. 

For  tests  A-H  inclusive,  a 
Mitchell  35mm  cameia  with  type  no.  2479 
film  was  used,  operating  at  about  24 
frames  per  second.  For  the  remaining 
tests,  a  Flight  Research  35mm  camera 
with  a  25mm  lens  wa3  used  with  type 
no.  2479  film,  running  at  about  10 
frames  per  second. 

In  a  typical  test,  the  sled  towed 
the  cylinder,  starting  from  a  position 
at  rest  at  the  south  end  of  the  test 
tank.  When  the  front  end  of  the  sled 
was  observed  to  reach  the  starting 
point  of  the  test  run,  the  camera  and 
an  electric  timer  were  started.  When 
the  front  end  of  the  sled  was  observed 
to  reach  the  end  point,  the  camera  and 
timer  were  stopped,  Time  of  travel  and 
motion  observations  were  recorded.  The 
approach  distance  to  the  start  of  the 
run  was  4o  feet.  The  length  of  the  test 
run  was  43  feet  long. 
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FREQUENCY  f-  IN  CPS 


FREQUENCY  f,  IN  CPS 


SURFACE  MODIFICATIONS 


Most  surface  modifications  were 
fabricated  onto  three  sheets  of  1/16- 
inch-thick  Neoprene  (Shore  Durometer 
80+5)  which  were  then  taped  onto  the 
cylinder.  The  description  of  the 
various  modifications  is  as  follows: 

A.  No  surface  modification. 

D.  1/2  inch  in  diameter,  1/2-inch- 
long  lexan  rods  spaced  6  inches  in  a 
row,  and  3  inches  in  a  column;  rows  and 
columns  were  staggered.  (Columns  run 
parallel  to  the  cylinder  axis.) 

E.  Same  as  D,  but  1/4  inch  in 
diameter. 

H.  5/8-inch  nylon  rope,  herring¬ 
bone  pattern,  45°,  rope  separated  6 
inches  on  centers. 

I.  Same  as  D  but  2  inches  long. 

J.  Same  as  E  but  2  inches  long. 

K.  Same  as  D  but  spaced  3  inches 

in  a  row. 

L.  Same  as  E  but  spaced  3  inches 
in  a  row. 

N.  Same  as  H  but  60°  pattern. 

P.  Same  as  H  but  30°  pattern, 
separated  3  inches  on  centers. 

Q.  Same  as  P  but  rope  is  separatod 
6  inches  on  centers. 

R.  Rubber  rods  l  inch  in  diameter 
and  6  inches  Long,  separated  5-1/2 
inches  and  bonded  on  2-inch-wide  rubber 
strips.  The  stripe  are  separated  so 
that  the  rubber  rods  are  6  Inches  apart 
on  centers.  Rods  line  up,  one  behind 
the  other. 

S.  Same  as  P  except  that  the 
separation  between  the  strips  is  such 
that  rode  are  3  inches  apart  on  centers. 
This  modification  reduced  the  positive 
buoyancy  or  the  cylinder  by  15  pounds. 

Y.  Inverted  "T"  rubber  spiral, 

<>  turns  around  the  case. 

?.,  Irregularlly  spaced  1/4-lncb- 
by-t-inch-by-l-inch  rubber  protrusions. 

AA.  2-inch-long  triangular  rubber 
pieces  spaced  3  inches  In  a  row,  5 
inches  in  a  column,  flat  sides  facing 
each  other  in  pairu.  (Columns  run 
parallel  with  the  cylinder  axis. ) 
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AMPLITUDE  (DIAM)  AMPLITUDE  (DIAM) 


AMPLITUDE  (DIAM I  AMPLITUDE  (DIAM) 


BB.  0. 032-inch  aluminum  angle  3  A 
Inch  by  1/2  inch  by  3  Inches  loruj, 
separated  3  Inches  In  a  row,  4  inches 
In  a  column.  (Columns  run  parallel  to 
the  cylinder  axis.) 

TEST  RESULTS 

The  films  of  the  cylinder  motion 
were  reduced  on  a  Vanguard  Notion 
Analyzer.  The  coordinate*  of  the  four 
comer  point#  of  the  cylinder  when  the 
cylinder  was  In  the  extreme  left  or 
extreme  right  position  were  recorded. 
The  deviation  of  the  geometric  center 
of  the  case  from  it#  equilibrium  posi¬ 
tion  was  calculated  utilising  a  BASIC 
eoa*>ut*r  program  to  perform  the  neces¬ 
sary  averaging  procedures. 

Figures  ‘5  to  IB  show  the  ampli¬ 
tudes  In  cylinder  diameters  of  the 
geometric  center  of  the  cylinder  ae  * 
function  cf  the  towing  velocity.  The 
full  line,  which  Is  repeated  for  all 
four  figures,  shows  the  motion  of  the 
basic  case.  The  parameters  of  this 
Cylinder  are  given  at  the  end  of  the 
section  an  critical  flow  velocities. 

By  the  method  shown  in  this  section, 
the  lower  critical  velocity  for  this 
cylinder  la  predicted  to  be  0.37  Knot, 
and  the  higher  critical  velocity  U 
predicted  to  fce  l .HO  knots.  Ft  .  seen 
from  Figure  V}.  that  the  first  ’‘reso¬ 
nance'*  starts  at  the  predicted  value. 
Since  the  critical  velocity  la  baaed 
upon  the  velocity  of  the  fluid  relative 
to  the  cylinder,  and  since  at  higher 
velocities  the  cylinder  motion  is  not 
only  due  to  towing  but  At«o  due  to 
cylinder  flutter  In  Its  primary  mold, 
the  predicted  value  of  the  higher 
critical  velocity  is  rough iy  -drifted. 
(An  exact  determination  of  tic  fluid 
velocity  with  respect  to  the  cylinder 
'was  not  under taken,  but  Just' out 'mated.) 

Figures  tj  ami  lb  chow  the  ampli¬ 
tude  as  a  function  of  the  towihg 
velocity  for  surface  modifications 
which  were  Intended  to  prevent  the 
formation  of  strong  vertices.  Figures 
17  and  IB.  show  the  amplitude,  an  a 
•function  of  the  towing  velocity  for 
surface  modifications  intended  to 
prevent  the  vortex  shedding  from 
occurring  suddenly  along  the  total 
length  of  the  cylinder. 

The  problem  of  fluctuating  lift 
forces  due  to  unoymmetrlca 1  flow  around 
blunt  bodies  has  been  repeatedly  Inves¬ 
tigated  during  the  past  35  years.  The 
bulk  of  these  investigations  was 
undertaken  to  find  a  remedy  to  n 
specific  flutter  problem.  Usually  a 
"try-thla  and  try-that"  typo  philos¬ 
ophy  governed  the  experiments.  The 


authors  of  the  present  report  were  led 
by  some,  mostly  Intuitive,  reasoning  in 
their  choice  of  surface  modifications. 
However,  only  the  response  of  the  system 
and  not  the  flow  around  the  cylinder, 
was  observed  and  recorded. 

It  is  of  utmost  importance  to 
relate  the  flow  field  characteristics 
with  the  response  of  the  system  if  any 
results  of  mere  unilateral  validity  are 
to  be  obtained.  Further  experiments, 
therefore,  should  Include  flow 
visualization. 
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DISCUSSION 


Mr.  linear  (Bolt  Beranek  and  Newman): 
Have~you  tried  to  correlate  the  effect  ofcorre- 
lation  length  along  the  cylinder  with  the  ampli¬ 
tude  response,  or  have  you  studied  the  effeci  of 
turbulent  fluid? 

Mr,  Sallet:  Yes,  the  facility  always  has 
water  pumps  running  continuously  to  keep  the 
water  clean.  In  order  to  see  the  effect  of  what 
might  be  called  a  rather  large  scale  turbulence 
I  ran  tests  with  the  pumps  running  and  then  ran 
tests  with  completely  still  water,  allowing  two 
or  three  dayc  time  for  the  water  to  settle.  1 
saw  no  appreciable  difference  between  the  re¬ 
sponses  of  the  system  when  the  pumps  were 
running  and  when  the  pumps  were  not  running. 

Mr.  Ungar:  I  guess  those  turbulences  are 
very  large  compared  with  your  test  systems. 

In  buildings  I  think  it  has  been  found  that  the 
response  to  turbulent  winds  is  much  less  than 
the  response  to  clean  flow.  I  am  almost  inclined 
to  suggest  you  might  see  the  same  sort  of  thing 
and  that  you  might  get  some  relation  between 
your  response  and  the  correlation  along  the 
surface.  It  would  be  too  hard  to  measure  pres¬ 
sure  correlations  on  the  surface. 

Mr.  Sallet:  No,  if  you  are  thinking  of  ob- 
tainlng  turbulent  boundary  layers  we  are  within 
that  range.  We  wtll  have  turtnilent  boundary 
layers  and  even  at  low  speeds  I  have  tripped 
the  boundary  layer  on  purpose. 

Mr.  Ungar:  One  reason  that  the  spiral 
idea  works  Is  that  the  vortices  are  not  shed 
along  the  entire  length. 

Mr.  Sallet:  Yes,  that  was  the  tden  behind 
them.  But  again  one  has  to  be  very  careful  when 
applying  wind  tunnel  data  to  a  water  tunnel,  1 
find  that  time  and  time  again  methods  which  do 
reduce  this  type  of  vibration  in  air  do  not  most 
of  the  time  reduce  the  vibration  in  water. 

Mr.  Martin  {NASA  Langley  Research  Cen¬ 
ter):  Are  you  familiar  with  tKe  atudyofoscll- 


latlons  in  tethered  spherical  balloons  in  high 
winds  that  was  performed  for  the  military  at 
the  Langley  Research  Center?  These  balloons 
were  used  for  antennas  or  distress  signals.  I 
believe  Tracy  Redd  performed  a  study  similar 
to  yours  in  shaping  the  balloons. 

Mr.  Sallet:  Yes,  I  am  familiar  with  that 
report 

Mr.  Martin:  You  called  this  type  cf  insta- 
bility  flutter  or  self- excited  oscillation.  I 
would  not  consider  that  to  be  a  flutter  or  self 
induced  oscillation.  I  consider  a  forced  oscil¬ 
lation  as  one  in  which  the  force  exists  on  the 
body  whether  the  body  is  moving  or  not,  then  if 
the  body  responds  to  that  force  it  is  a  forced 
oscillation.  If  a  body  has  no  force  when  there 
is  no  motion,  and  if  a  force  starts  as  a  result 
of  motion,  and  if  the  phase  of  that  force  is  such 
that  it  reinforces  that  motion,  then  that  is  a  self 
excited  oscillation  or  flutter.  I  would  consider 
your  study  as  strictly  on  forced  oscillations.  If 
the  body  stops  vibrating  the  force  exists,  it  does 
not  start  as  a  result  of  the  oscillation. 

Mr.  Sallet:  No,  even  by  your  definition  it 
is  flutter  because  the  forces  increase  if  the 
body  moves. 

Mr,  Martin:  The  forces  may  increase  but 
they  are  there  if  the  body  does  not  move.  The 
initial  force  is  there. 

Mr.  Sallet:  That  is  correct. 

Mr.  Martin:  That  is  a  forced  oscillation. 

In  a  set/  excited  oscillation,  or  flutter  if  the 
motion  is  stopped  there  is  no  force. 

Mr,  Sallet:  The  forces  are  there.  If  you 
era  mine  the  spectrum  the  forces  may  not  be 
large  enough  to  cause  the  body  to  move  so 
there  may  be  forces  present  with  no  response. 
But  once  the  body  i  no  vet  the  forces  may  gain 
sufficient  magnitude  to  obtain  a  response  so  ! 
stilt  prefer  to  call  this  flutter. 
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AS  EXPERIMENTAL  TECHNIQUE  FOR  CETEIMININC  VIBRATION  :©DES  OF  STRUCTURES 


WITH  A  QUASI-STATIONARY  RANDOM  FORCING  rJN( TION 

Rob t re  G.  Christiansen  and  Wallace  W.  Panenter 
Naval  Weapons  Center 
China  l-ake,  California 


j  A  slender  beam  is  subjected  to  randoa  vibration.  Thi  modes  of  response 
of  the  beam  are  determined  using  spectral  analysis  c-  chniqurs  made 
available  by  the  KWC  spectral  analysis  computer  program. 


INTRODUCTION 

The  response  of  structures  to  random  load¬ 
ing  has  been  treated  theoretically  hy  many  in¬ 
vestigators  (Ref.  1  through  4).  However,  the 
experimental  corroboration  of  these  theoretical 
inodes  aas  not  met  with  much  success.  Those  ex¬ 
perimental  investigators  venturing  into  the 
field  (Ref.  5)  before  the  advent  of  the  Fast 
Fourier  Transform  (FFT)  wore  doomed  to  tedious 
numerical  Fourier  transformetion  techniques. 

The  calculation  of  cross-spectral  density  func¬ 
tions  and  t.'ans'cr  functions  required  that  the 
cross-correlation  function  be  computed  via  analog 
computer  techniques,  followed  by  numerical  com¬ 
putation  of  the  Fourier  transform  of  this  func¬ 
tion.  This  process  was  time  consuming  and  pro¬ 
vided  inaccuracies. 

The  incorporation  of  the  FFT  into  time 
series  analysis  programs  (Ref.  6;  allowed  the 
conversion  of  time  series  data  directly  into 
Che  frequency  domain  (without  first  squaring 
the  cime  series).  Several  investigators  usod 
this  type  of  analysis  technique  to  examine  the 
response  of  simple  structures  (Ref.  7  am!  8). 

But  even  these  Investigators  encountered 
numerous  problems,  ranging  from  limited  computer 
and  analysis  capabilities  to  insufficient  equip¬ 
ment  and  laboratory  techniques.  Their  approach 
was  to  attach  a  small  (a  few  pounds  force)  ex¬ 
citer  c.i  the  structure.  Then  a  forep  power 
spectral  density  (P‘'n)  function  was  controlled 
at  a  point  on  the  structure  that  was  usually 
uncontrollable  In  terma  of  the  response  of  the 
structure  and  dynamic  range  of  the  exciter.  In 
retroapect,  these  Investigator*  attempted  an 
approach  that  led  to  Insurmountable  problems. 

In  the  process  of  developing  a  positive 
empirical  method  of  calibration  and  evaluation 
fer  the  NW<  spectral  analysis  computer  program 
(Ref.  ?),  the  response  to  rendom  acceleration  of 
the  boundary  of  a  fixed- free  beam  was  measured 
(Ref.  10)  The  relationship  between  several 
points,  each  to  the  other,  was  analyzed  In  the 
cross-correlation  portion  of  the  program.  By 
careful  Inspection  of  textbook  examples  of  beam 


modes  shape,  in  conjunction  with  prior  knowledge 
of  the  positioning  of  the  response  accelerometers, 
certain  relationships  in  the  cross-functions 
could  be  ccrroborated  and  proper  program  opera¬ 
tion  could  he  verified. 

The  corollary  this  suggested  was  obvious: 
through  a  known  rardom  input  at  the  boundary  or 
properly  chosen  structural  point,  the  modes  and 
modal  frequencies  could  be  determined.  Further-' 
more,  if  the  spectrum  3hape  of  the  excitation 
is  free  of  large  peaks  and  valleys,  it  is  very 
easy  to  determine  the  mode  shapes  from  only  re¬ 
sponse  accelerometer  data.  As  is  well  known,  the 
frequency  response  functions  for  lightly  damped 
structures  (Ref.  11)  can  be  determined  from  re¬ 
sponse  data  alone,  hence,  with  a  knowledge  of 
the  input  spectrum  (smooth),  the  complete  struc¬ 
tural  response  of  the  structure  can  be  deter¬ 
mined.  This  time  savings  over  traditional  ex¬ 
perimental  methods  of  determining  modal  vibrition 
is  of  an  order  of  magnitude. 


- "FORY 

The  classical  Benv-ull i-Euler  beam  Ims  been 
dealt  with  n  many  texts  (Ref.  12  anu  1 J)  and 
only  the  results  are  shown  here.  The  equation 
of  motion  in  a  plane  of  the  beem  Is  given  by 


-d  .,2 

Ft  -~y  *  u  «  F(x.t)  1 1 ) 

;>x 1  ?t* 


wliare  y  »  y(x,t),  x  la  the  position  of  a  point 
on  the  beam,  E  la  the  module*  of  elasticity,  I 
is  the  are*  moment  of  Inertia,  u  Is  the  masa  pei 
unit  length,  and  F(x,t)  ia  the  forcing  function. 

In  the  homogeneous  cast  K(x,t)"0,  variables 
are  separable  In  Kq.  1  with 

v(x,t)  *  Mx>  T(t)  (2) 

to  give  solution:!  to  Kq.  1  in  the  fur* 
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X(x)  »  Aj  exp(sx)  +  *2  exp (-ax) 

(3) 

+  Aj  sic  (ax)  +  cos  (ax) 

■  ■  (#)■'* 

where  u  *  frequency  In  radians/sec. 


excellent  texts  develop  these  relationships  and 
their  engineering  applications  (Ref.  11  and  15). 
For  a  rigorous  mathematical  treataent  of  these 
stochastic  processes.  Ref.  16  and  17  are  recom¬ 
mended. 

In  the  coaput.-.tlon  of  frequency  domain 
functions,  a  discrete  Fourier  transformation  of 
the  time  series  data  at  response  points  Is  per- 
foraed  as  follows: 


Using  the  boundary  constraints 


Simple  Support:  Y 


Free  Support: 
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where 

k  -  0  . ..N-l 


Fixed  Support:  Y  «  0;  -  0 


and  evaluating  at  x»o  and  x«2,  the  following 
frequency  equations  are  obtained 


Fixed-Simple: 

ton 

(al) 

-  tanh  (af,) 

-  0 

(5) 

Fixed-Free: 

cos 

(alt) 

cosh 

(al)  - 

-1 

(6) 

Fixed-Fixed: 

cos 

(ad) 

cosh 

(ai.)  « 

1 

(7) 

Free- Free: 

cos 

(ai) 

cosh 

(a’.)  - 

1 

(8) 

Solving  for  consecutive  serrs  In  Eq.  5-8 
yields  the  modal  resonant  frequencies.  (The 
first  20  rootn  to  Eq.  5-8  are  given  in  Appendix 
A.) 

The  values  of  "a"  listed  in  Appsndlx  A  and 
the  corresponding  frequencies  predicted  by  Eq.  4 
are  somewhat  In  error  for  the  higher  nodes  due 
to  the  omission  of  shear  effects  and  rotary 
Inertia.  Theie  effects  (Timoshenko  beam)  ere 
accounted  for  in  the  coeiputer  program*  used  to 
calculate  the  modal  shapes  and  frequencies.  The 
effects  of  the  mass  of  the  accelerometer  end 
accelerometer  cables  were  omitted  in  this 
catculat ion. 

The  spectral  functions  and  thvorv  used  In 
the  analysis  of  the  beam  mitlon  are  welt  known 
(a  good  overall  presentation  Is  given  In  Ref.  tl). 
The  functions  used  In  this  analysis  and  the  rela¬ 
tionships  bstwesn  these  functions  will  be  out¬ 
lined  in  the  following  paragraphs.  Several 


N  -  number  of  da.a  points  in  time  slice 

X„  and  A,  are  discrete  Fourier  transform 
a  k 

pairs  and  is  given  by 


k-o 


Here  Xu  is  the  value  of  the  time  series  at  the 

point  aAt  in  the  time  allce,  At  is  the  Interval 
between  digital  samples,  NAt.  Is  the  period  of 
the  slice,  l/NAt"AF  Is  the  fundamental  frequency 
of  the  transform,  kAF  la  the  upper  cutoff  fre¬ 
quency,  AF  Is  the  lower  cutoff  frequency,  MAF  Is 
the  bandwidth,  and  M  Is  an  Integer. 

When  two  or  sure  time  aerioa  are  to  ba 
examined,  the  time  rllce  1*  such  that  the  funda¬ 
mental  frequency  MF)  la  the  aame.  In  addition, 
when  complex  response  functions  are  weed  to 
examine  two  or  sure  point*  for  croe*  correlation, 
the  time  slices  examined  era  such  that  each  re¬ 
cord  1*  examined  during  the  asm*  period  of  time. 
This  is  a  simple  fact  to  state,  but  often  over¬ 
looked  when  digiticing  pair*  of  data  signals. 

All  of  the  functions  are  discrete  in  nature 
so  that  thsae  functions  are  only  spy rox last  ion* 
of  the  rigorously  developed  continuous  function* 
os  shown  in  Ref.  11. 

The  following  functions  are  used  la  the 
analysis  of  the  bean: 


•Naval  Weapons  Canter.  Ream,  A  Computet 
Program  for  Calculating  the  Natural  Vibration 
Nodes  of  a  Non-Col  form  teem,  by  E.  Jeter.  China 
Lake,  Calif.,  NUC.  J-.ne  1970.  (KWC  TN  40*2-49.) 


C  CO  •  Power-spectral  Density  function 
(PSD)  or  auto  PSD  of  a  response 
point  et  a  on  the  been.  In  thl* 
report  the  PSD  will  be  the  square 


no 


iiMiiiiaiiMieiiUi 


hdLnkdadBjA 


I 


of  Che  Fourier  coefficients  ob¬ 
tained  when  the  tine  slice  of 
Interest  Is  transformed  Into  the 
frequency  domain.  These  coeffi¬ 
cients  are  then  divided  by  a  con¬ 
stant  (the  filter  bandwidth). 

G  (f)  *  Cross-Spectral  Density  Function 
(cross  PSD)  between  the  response 
at  point  x  and  the  response  at 
point  y.  In  this  report  the 
cross  PSD  will  be  the  complex 
product  of  the  Fourier  transform 
coefficients  of  s  time  slice  out 
of  the  time  series  x(t)  and  y(t). 
The  resulting  product  is  then 
divided  by  a  constant  (the  filter 
bandwidth).  The  cross  PSD  is  a 
complex  vector  which  can  be 
written  as 


and 


*xr(f)  -  ^(f)  +  *VT(f) 

The  transfer  function  is  determined  by  the 
physical  characteristics  of  the  structural  sys¬ 
tem  between  the  response  points.  Hence,  if  a 
suitable  math  model  containing  structural  system 
parameters  does  exist,  empirical  determination 
of  the  transfer  function  implies  empirical  deter¬ 
mination  of  the  system  parameters. 

The  ordinary  coherence  function  is 


Y2(f) 


|GJ2L(f)| 


G  (f)  G  (f) 
xx  yy 


<  1 


Vf>  ■ 

■  Cxy<£> 


It  is  a  measure  of  the  amount  of  coherence  be¬ 
tween  the  response  at  points  x  and  y  as  a  func- 

2 

tion  of  frequency.  When  y  »0,  the  responses  are 
incoherent;  i.e.,  this  is  not  a  vibration  trans¬ 
mission  path  between  x  and  y  on  the  beam  at  a 
given  frequency. 


where 


EXPERIMENTAL  DESCRIPTION  AND  TECHNIQUES 


C  (f)  •  Co-spectral  density  function  (Co) 
xy 

Q  (f)  •  Quadrature-spectral  density 
X‘  function  (Quad) 

<t>xy(f)  •  tan  1  •  phase  angle  - 

argument  of  the  complex  vector 


Th*  following  point-to-point  relationships 
which  utilise  the  croee  PSD  are  used  in  the 
analysis  of  the  beam  motion. 

The  transfer  function  II  ,(f)  (a  complex 
vector)  le  defined  as 


vn*  v°  <w<>-ur  v° 


'  r$y- 

also  for  a  third  point  (t)  on  toe  beaa 


When  the  beam  was  mechanically  excited,  the 
auto-spectrum  of  the  boundary  motion  waa  shaped 
and  controlled  using  a  Ling  ASD/80  Equaliser/ 
Analyzer  (Fig.  1).  This  equalize -/analyzer  1r 
common  to  many  environmental  test  laboratories 
and  is  capable  of  25  Hz  bandwidth  control  from 
100  to  2,000  Hz  with  finer  bandwidth  control 
below  100  Hz.  The  electrodynamic  exciter  and 
power  amplifier  were  Ling  Models  A300  and  10/16, 
respectively.  The  Input  boundary  motion  control 
accelerometer  waa  an  Endevco  Model  2270  used  In 
conjunction  with  an  Endevco  Model  2713  charge 
amplifier.  During  the  experiment  the  calibration 
sensitivity  for  each  amplifier  wee  selected  such 
that  the  maximum  sensitivity  would  be  three  times 
the  anticipated  overall  rms  teat  level.  Thie  la 
important  for  elgnal  clipping  const derail one  and 
maximum  signal  to  noli#  ratio.  Endevco  Model 
2226  response  accelerometers  were  used  in  all 
cases.  The  charge  amplifiers  used  were,  again, 
Endevco  Model  2713  (Fig.  2).  The  overall  level 
of  the  input  ami  the  response  accelerometers  wee 
monitored  using  e  8*1  lent  Ins  true  rms  voltmeter, 
while  e  Tektrtmica  oscilloscope  was  used  to 
monitor  the  Inputs  end  responses  for  waveform 
and  poasihle  clipping. 


c««>  •  Vr)  *  c».»> 


or  V°  *  V°  " 

or  *  l*yl<Ol... 

•  gala  factor  or  atuiulua  of  the  complex 
vector  (this  assumes  u  feedback) 


The  Inputs  and  responses  were  recorded  on 
magnetic  tape*  using  at.  Ampex  ES100  tape  recorder. 
The  record  speed  was  60  in/sec  (EM  record,  108 
kHz  center  frequency),  ‘402  deviation  which 
allowed  maximum  signal- to-nolae  ratio  while  pro¬ 
viding  digitizing  flexibility  for  playback  at 
etower  tape  speeds.  The  analog/digital  conver¬ 
sion  process  Included  an  Ampea  Ft  600  tape  re¬ 
corder,  used  during  playback  mode,  and  an  A/C 
amplifier  used  aa  an  ampl If  ter/ Impedance  matching 
device  (Fig.  1).  The  tape  output  signals  were 
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ACCELEROMETER 


UNG  ASO/80 
AUTOMATIC 
RANDOM  VIBRATION 
EOUALIZER/ANALYZER 


OUTPUT 


POWER  AMPLIFIER 
UNG  10/10 


VIBRATION  EXCITOR 
LING  A300 


SERVO  INPUT 


CHARGE  AMPLIFIER 


TO  AMPEX  ES  100  TAPE  RECOROER 


FIG.  1.  Vibration  Control  System. 


AT  60  IN/SEC 


FIG,  2.  Accelerometer  Output  Recording  Sequence. 
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FIG.  3.  Digitising  Sequence 


fed  Into  the  A/D  converters..  The  IBM  1800 
seted  as  e  buffer  (1,028  16-byte  words)  which 
would  transfer  each  buffer  load  onto  a  digital 
tape.  The  A/D  system  was  Halted  to  8,000 
saaples/second/track,  hence  only  two  channels 
of  data  were  digitised  at  a  rate  of  4,000  samples/ 


second.  Due  to  phase  considerations  (Appendix  B), 
two  methods  of  sampling  were  used  during  the  digi¬ 
tising  process — linear  and  aeaple  and  hold.  The 
data  were  properly  digitized  and  put  Into  format, 
then  processed  by  the  NWC  spectral  analysis  com¬ 
puter  program  (Ref.  9)  as  shown  lh  Fig.  4. 


FIG.  4.  Computer  Scheme. 


To  achieve  fixed  (stationary)  boundary  con¬ 
ditions,  a  1  in^-croas-eactlon  solid  beam  was 
attached  at  the  fixed  end  as  shown  in  Fig.  5. 

The  slot  that  held  the  beam  was  machined  to  pro¬ 
vide  e  height  clearance  of  0.005  Inch  and  a 
width  clearance  of  0.011  inch.  The  slack  was 
compensated  for  by  using  brass  shim  stock.  The 
simple  end  condition  was  hardest  to  achieve. 

The  technique  used  was  to  mount  the  beam  between 
a  knife  edge  and  circular  bar.  When  clasping 
the  knife  edge  and  bar  to  the  beam,  rubber  washers 
were  used  to  allow  soma  give  In  the  fixture  and 
preclude  support  of  bending  momsnte.  Figure  6 
shows  the  fixture  used  to  achieve  the  simple 
boundary  condition.  When  fixed-fixed,  fixed- 
• imp la,  end  simple-fixed  boundary  conditions 
were  required,  one  end  of  the  beam  was  rigidly 
attached  to  a  concrete  wall,  2  by  10  by  30  feet, 
while  the  other  end  was  attached  to  the  electro- 
dynamic  vibration  exciter  as  shown  In  Fig.  7. 

The  response  accelerometers  were  mounted  et  nine 
pieces,  symmetric  about  the  center  of  the  beam 
for  the  100-  and  102-tnch-long  beam  and  In  six 
places  for  the  cantilever  condition  (Fig.  8). 

The  following  configurations  of  and  condi¬ 
tions  and  excitation  points  were  examined  for 
the  1  In^-croaa-sectlon  solid  beast 

Excitation  from  one  fixed 
end  (100  Inches  long) 

Excitation  from  the 
fixed  end  (52  Inches 
long) 

Excitation  from  fixed 
and  (and  the  reverse 
case)  (102  Inches 


a.  Fixed-fixed 

b.  Fixed-free 

c.  Fixed-simple 


d.  Free-free  Acoustic  excitation 

only  (108  inches 
long) 

The  locations  of  accelerometers  on  the  beam 
were  dictated  by  the  anticipated  node  shapes. 

They  were  placed  so  that  their  position  on  the 
beam  coincided  with  the  maximum  number  of  anti- 
nodas  within  the  desired  spectrum.  Bach  accel¬ 
erometer  on  the  beam  wee  equidistant  from  the 
adjacent  accelerometer. 

The  proper  operation  of  the  spectral  anal¬ 
ysis  computer  program  wee  verified  by  measuring 
the  auto-spectral  density  plots  on  both  the  Ling 
ASD/80  Bqusllser/Anelyser  and  on  a  Time/Data  100 
analyser. 

The  beam  used  in  this  experiment  was  mea¬ 
sured  for  cross-section  area,  length,  mass,  end 
mass  density  variation  se  shown  in  Table  I.  The 
values  for  Young's  modulus  ami  density  were  taken 
as  ASM  2024  aluminum  alloy  with  the  weight/length 
measurement  used  se  e  cress  check  on  density. 

The  density  uniformity  wee  verified  by  an  ultra* 
sonic  scan  which  detected  no  variations  in 
danalty  greater  than  those  dictated  by  volume 
variations. 


The  been  wee  manufactured  via  the  continu¬ 
ous  extrusion  method  which  involves  large  temp¬ 
erature  gradients  during  the  cooling  process. 

Due  to  these  te^erature  gradients,  a  alight 
skew  and  bend  were  noted  In  the  been.  This  ekm 
and  gravity  btse  would  effect  the  node  shape 
(eigenvectors)  but  not  the  nodal  f requeue lee 
/eigenvalue*). 
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•  >  ACCELEROMETER  MOUNTING 
POINT 


M8ULTS  AND  DISCUSSION 

Analysis 

The  method  ot  analysis  involve!  h»  exami¬ 
nation  ot  an  auto  function  fcr  relevant  modal 
frequency  information,  t Han  progress*!  l*  tha 
croaa  functions  to  obs*»  m  and  retrieve  phaaa 
information.  Tha  auto  (unctions  yield  frequency 
information  and  amplltule  information;  tha  cross 
functions  atao  yield  frequency  inform*  t ion  and 
phaaa  information.  .  Tha  combination  oi  tha  ansiy- 
aoa  can  ha  uaad  to  "mat rue t  tha  various  mode 
ahapaa.  Thair  reao.’vtion  la  dependent  upon  the 
owber  of  point*  bains  measured  on  tha  baa*. 

Tabla  2  show-  tha  calcula.ed  modal  fraquen- 
ciaa  and  tha  corresponding  experimental  valuaa 
(or  tha  100-inch  fixed-fixed  beoa,  tha  102-inch 
fiud-ainpla  baa*  (excitation  fro*  either  and), 
tha  32-inch  fixed-free  baa*,  aid  tha  10S-liu.li 
fraa-fraa  baa*.  Figure  I  ah»*a  tha  Jcceleroneter 
placaaanta  on  tha  beams.  Tha  baa*  with  tha 


physical  properties  shown  in  Table  1  was  used 
throughout  the  program.  Piguras  9a,  10a,  11a, 
12a,  r/td  13*  are  typical  of  the  acceleration 
response  spectra  for  each  of  tha  different  con¬ 
figurations.  Piguras  9b,  10b,  lib,  and  12b  show 
the  corresponding  boundary  input  accalaration 
spectra;  Pig.  13b  is  tha  acoustic  spactrum  at  tha 
mlc-polpt  of  the  fraa-fraa  beam.  Tha  acoustic 
spectrua  waa  uncontrollable,  hence  tha  deviations 
in  the  input  apectrum  of  more  than  four  decades, 
'.hie  *ade  Identification  axtrenely  difficult  for 
all  but  the  first  and  second  modes.  Notice  that 
each  input  spectra  (except  for  acouatles)  is 
relatively  fist  (within  a  decade),  while  tha 
response  spectra  show  larga  peaks  associated 
with  a  modal  frequency. 

A  graphic  demonstration  that  both  modal  fre¬ 
quency  information  and  mod*  shape  information 
are  present  in  auto  spectra  la  shown  in  Pig.  14a 
and  14b.  Figure  14a  shows  the  response  PSD  of 
an  accelerometer  at  the  canter  of  a  fixed-fixed 
beam,  while  Pig.  14b  shows  the  response  PSD  for 
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TABLE  2.  Modal  Frequencies  by  Mode  Number. 


Mode 

No. 

Bernoulll-Euler 

Timoshenko 

Experiments! 

Fixec 

l-Flxed 

20.8 

57.3 

112.4 

185.9 

277.6 

387.8 

516.3 

663.2 

828.3 
1011.9 


20.77 

57.14 

111.68 

183.89 

273.0 

379.73 
502.41 
640.91 

794.73 
963.38 
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FIC,  13,  Kooponoo  at  Point  d  (>)  on  thn 
Flxad-Slaplt  Bona  to  tha  Input 
(b)  nt  tho  Fixod  Boundary. 
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FIC.  11.  Raaponaa  at  Point  3  (a)  on  tha 
Flxod-Slaplo  Baa*  to  tho  Input 
(b)  at  tha  Slaplo  Boundary. 


PIG,  12.  leeponta  at  Point  6  (a)  on  tha 
Fixed-Free  Baea  to  tha  Input 
(b)  at  tha  Fixed  Bendery. 


FIG,  13.  Raaponaa  of  a  Point  (a)  at  tha 
End  of  tha  Fraa-Fraa  Boaa  and 
tha  Acoustic  Sptctrua  at  tha 
Cantar  (b).  The  epectru*  was 
quaal-fraa  field  with  direction 
ooraal  to  tha  axis  of  the  bean, 


FIG.  14,  Responses  at  Point*  3  (a)  and 
7  (b)  on  tha  Fixed-Fixed  Baa*. 


an  adjacent  accelerometer.  Not lea  tha  eupptea- 
alon  of  avan  numbered  nodes  in  14a  compared  to 
14b,  Thin  phenomena  la  readily  explainable  on 
axaatl nation  of  thaoratlcally  coeputed  mod*  ahapaa 
glvan  In  Fig.  IS.  (Tha  black  circle  Indicate* 
tha  location  of  tha  two  accelerometers  being  dle- 
cuaeed.)  Tha  cantor  position  turn*  out  to  be  a 
nodal  point  for  thoa*  modes. 

A  rough  quantitative  determination  of  nod* 
ahapaa  would  uaa  tha  amplltudee  In  tha  auto 
apectra  plota.  Table  3  ah  own  norma  Hied  amp  11- 
tudea  for  each  of  ala  reaponaa  accelerometers  on 
a  beaai  In  the  fixed-free  configuration,  tha 
value*  of  f2/Ha  veraua  frequency  ware  converted 
to  rat*  acceleration  veraua  frequency,  then  multi¬ 
plied  bv  the  bandwidth  and  divided  by  a  constant 


to  produce  a  unities*  normalized  amplitude  com¬ 
ponent.  The  phaae  relationships  between  the 
various  response  accelerometers  can  be  deduced 
by  careful  examination  of  tha  co-spectral  density 
plot  and  the  phaae  plot.  Consider  the  co- 
spectrum  plot  of  accelerometer*  located  at 
response  points  4  and  6  (Fig.  16).  It  was 
determined  that  75  Hz  la  a  modal  frequency  by 
examination  of  tha  auto  spectra  and  comparison 
with  theoretical  results.  Tha  negative  value  on 
the  co-spectrum  plot  can  ba  thought  of  as  oppo¬ 
sitely  directed  motion,  or  whan  response  4  is 
moving  in  a  positive  direction  relative  to  the 
center  line  of  the  beam,  response  6  la  moving  in 
the  negative  direction.  Next  consldar  Fig.  17, 
the  co-spectrum  between  response  3  and  response 
6.  Agsln  there  is  a  negativa  valua,  which  can 
be  interpreted  as  oppositely  directed  motion  of 
the  two  reaponae  points.  Figure  18  shows  the 
same  relationship  between  reaponaa  2  and  response 
6.  Applying  positive  direction  to  reaponae*  2, 

3,  and  4,  and  negative  direction  to  reaponae  6, 
in  conjunction  with  the  amplitude  In  Table  3, 
yields  a  aoda  shape  indicated  by  Fig.  19. 

Figure  19  also  shows  tha  theoretical  node  shape. 

Alternate  methods  of  determining  the  modal 
frequencies  can  ba  developed  using  the  co- 
apactral  density  plota  of  reaponae  accelerometere 
and  tha  transfer  function  plota  of  the  input 
accalaroaetar  and  any  output  accalaroaetar. 

Figure  20  shows  tha  co-apectrua  of  reaponae 
points  6  and  9  on  a  fixed-simple  beam.  Notlca 
tha  definition  of  each  modal  frequency.  The 
frequency  vejtuan  compare  exactly  with  those 
observed  for  auto-functlon*.  Tha  relative  di¬ 
rection  of  amplitudes  between  each  point  is 
graphically  demonstrated  for  each  frequency. 


TABLE  3.  Normalized  experimental  Amplitude a. 


Fixed-free 

73  Ns 

Fixed-fixed 
20  Ns 

Aasponsa  1 

0.28 

0.20 

Me  ponce  2 

0.51 

0.40 

Response  3 

0.80 

0.74 

has pones  4 

0.45 

0.90 

Kesponse  5 

0.30 

1.0 

Response  4 

1.0 

0.98 

Response  7 
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FIG.  20.  Co-Spectrum  of  Responses  at  Points 
6  and  9  on  the  Fixed-Simple  Beam. 


Figures  21  and  22  show  the  modulus  of  the 
transfer  function  and  the  phase  spectrum  for  the 
input  and  response  point  2  on  a  fixed-free  beam. 
Each  modal  frequency  stands  out  on  the  transfer 
function  plot.  Verification  of  a  modal  frequency 
is  helped  by  observing  that  the  phase  angle  has 
a  transition  through  zero  at  the  modal  frequency, 
it  should  be  noted  that  at  higher  frequencies  the 
phase  spectrum  plot  is  unreliable  for  the  com- 
pu tat  ion  scheme  used  here.  When  the  distance 
between  two  response  points  becomes  greater  then 
rue  distance  between  two  nodes  of  the  mode  shape, 
the  phase  plot  breaks  down  because  of  the  Inher¬ 
ent  limitations  of  the  tan"*  i.  The  principle 
yal'u*s  of  the  tan"*  t  are  between  -«  and  after 
this  region  lx  left  there  la  no  way  to  distinguish 
how  the  phase  vector  was  arrived  at.  and  only  the 
principle  value  of  the  phase  U  computed. 
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FIG.  22.  Phase  Spectrur.  Associated  With 
Transfer  Function  in  Fig.  18. 


Figure  23  shows  the  co-spectrum  of  points 
on  a  fixed-simple  beam  and  is  a  graphic  demonstra¬ 
tion  of  oce  of  the  "do’s"  of  response  accelero¬ 
meter  placement — use  symmetry  whenever  possible. 
The  logic  is:  since  the  cross  functions  are  juat 
a  measure  of  what  the  two  points  on  a  structure 
have  in  common  (in  the  frequency  domain),  the 
use  of  symmetry  will  make  common  modes  more 
prominent  In  that  the  amplitudes  util  be  the 
seme  at  modal  frequencies. 
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Other  sethisls  of  <  on  f  1 1>  I  nt;  the  existence 
of  mode*  »*  tv  <><*p-,uat  ten  uf  *e cel* ration  trans¬ 
fer  functions  between  n xportse  points',  because 
of  ref  1 1- -It  nos  (feedback)  and  uut-of-plan*  *>4* 
couplin*.  the  transfei  functions  calculated  In 
this  tu.nr.tf  are  dependent  on  Input  and  statistical 
consider  alt,*).  However,  due  to  latge  response 
values  ■»!  m'dal  frequencies,  the  transfer  fume* 
thw  betveea  point*  are  relatively  tncepvodent 
of  Input  at  Ihittr  f  rpquenr  |e* . 
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An  additional  nut hod  of  corroborating  the 
exlatance  of  nodal  frequencies  la  by  examination 
of  coherence  function  plots.  In  general,  if 
response  accelerometer  placement  is  such  that 
the  accelerometer  is  not  at  a  uodal  point  or  a 
point  where  the  output  la  low,  the  coherence 
function  will  be  close  to  1.  This  value  typifies 
a  completely  correlated  response.  If  the  re¬ 
sponse  signal  la  near  to  the  noise  floor  or 
nodal  point,  the  coherence  function  will  be 
somewhat  less  then  1  at  that  frequency.  Figures 
24  and  25,  plots  of  points  on  the  cantilever  beam, 
show  this  behavior.  Notice  that  at  12,  75,  200, 
400,  660,  and  990  Hz,  the  value  is  near  1. 

Figure  26  shows  the  coherence  function  of  a  re¬ 
sponse  accelerometer  placed  neer  a  nt-de  point 
for  both  the  660  and  200  Hz  mods*.  This  graphi¬ 
cally  demonstrates  ona  of  the  pitfalls  in  using 
the  coherence  function. 
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Fit,.  24.  Coherence  Function  of  Respun*:?* 
at  Feints  4  end  6  on  the  Fixed- 
Free  teem. 


FIG.  26.  Coherence  Fu  ‘ion  of  Responses 
at  Poiuta  3  and  6  on  the  Fixed- 
Free  Seera. 


Figures  27  through  31  show  the  modulus  of 
the  transfer  functions  between  points  on  a  fixed- 
fixed  beam,  digitized  to  circumvent  phase  problems 
(see  Appendix  B) .  '.‘he  rel  itfonshlp 


|H16(f)|  •  |Nn(f)j  *  |H34(f)i 

*  l»4i(r>*  “  **Vn' 

is  verified  at  least  to  the  accuracy  of  our 
ability  to  read  the  plots. 

Fiacres  32  through  16  show  the  phase  spectrum 
tor  the  points  shuwn  in  Fig.  27  through  31.  f:i 
the  region  where  they  are  valid,  l ,  ftthere  the 
points  are  less  than  a  node  apart,  the  re lr* ion- 
ship 
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FIG.  2i.  Coherence  Function  of  Response* 
at  Fclnta  2  and  6  oo  the  Fixed- 

Free  Ream. 


is  'verified. 


Ud  l PARI  SON  OF  TFCHNlOlK  WITH 
OTHS  R  HFtHitUS 

To  compare  the  results  of  the  modal  analysis 
techniques  developed  In  this  paper  with  other, 
classics)  methods,  the  beam  used  as  a  lest  Item 
In  this  experiment  was  sublerted  to  a  more  tradi¬ 
tional  aod.  l  survey*.  The  beam  wa.i  tested  In 
what  approx !»JI let)  a  free-free  configuration  bv 
hanging  the  beam  by  cotton  twine  from  the  nodes 


Naval  Weapons  (enter.  Beam  Vibration  hx- 
periment,  bv  K.  deter.  China  lathe,  Calif.,  NWC, 
dun"  1971.  (hag.  4067-079-71.) 
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FIG.  27.  Transfer  Function  of  Input  and 
end  Response  at  Point  3  on  the 
Fined- Fi*ed  Seen. 


in;.  28.  Transfer  Function  of  Responses  at 
Points  3  and  4  cn  the  Fixed-Fixed 
Been. 
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FIC,  W.  Transfer  Function  of  Responses 
at  Points  4  and  5  on  the  Fixed- 
Fixed  Seen. 


FIG.  30.  Transfer  Function  of  Responses 
at  Points  5  end  6  on  the  Flxed- 
' Ixed  Beam. 
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FIG.  31.  Trenefer  Function  of  Input  and 
Response  «t  Point  6  on  the 
Fixed-Fixed  Beam. 
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FIG,  3:.  Phase  Spectrum  of  Input  and  Re¬ 
sponse  at  Point  3  on  the  Fixed- 
Fixed  Beam. 
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FIG.  33.  Phase  Spectrum  of  Responses  at 
Points  3  and  A  on  the  Fixed- 
Fixed  Beam. 
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FIG.  34.  Phase  Spectrum  of  Responses  at 
Points  A  and  5  on  the  Fixed- 
Fixed  Beam. 


FILTER  Rut  11)0  HZ 


FIG.  35.  Phase  Spectrum  of  Responses  at 
Points  5  and  6  on  the  Fixed- 
Fixed  Beam. 


of  the  first  bending  mode.  An  lmpedence  head 
and  force  exciter  were  attached  to  one  end  of 
the  beam  and  response  accelerometer  measurements 
were  made  at  the  center  and  opposite  end  of  the 
beam.  Figure  37  allows  a  mobility  plot,  the 
force  Input  at  one  end  divided  Into  the  velocity 
of  the  response  at  the  other  end. 

To  develop  auto-spectrum,  co-spectrum,  and 
quadrature  spectrum  plots  of  the  beam  response 
to  a  constant-force  sine-wave  input,  a  Spectral 
Dynamics  SD-log  Co-Quad  Analyser  was  used. 

Figure  38  shows  the  auto-spectrum  of  the  response 
accelerometer  at  the  end  of  the  beam.  Figure  39 
shows  the  co-spectrum  of  the  response  at  the 
middle  of  the  beam  and  a  point  at  the  end  of  the 
beam.  When  test  plots  are  examined  using  the 
logic  and  techniques  developed  for  the  analysis 
of  random  data,  the  same  motlon/modal  Information 
is  developed. 


o  mo  zoo  too  *oo  wo  wo  nxi  mo  »w  1000 
F  RLCUENCY.  HZ 


FIG.  36.  Phase  Spectrum  of  Input  and  Re¬ 
sponse  at  Point  6  on  the  Fixed- 
Fixed  Beam. 


CONCUSSIONS  AND  RECOMMKNDATIONS 

Using  proper  techniques,  modal  Information 
can  be  retrieved  from  random  data.  Given  certain 
minimum  constraints  on  the  spectrum  of  the  forc¬ 
ing  funi . .on,  the  sharp  peaks  in  the  response 
spectrum  can  be  attributed  to  the  response  at  a 
mode  of  the  structure.  Examination  of  the  re¬ 
sponse  plots  shows  that  range  between  the  maxi¬ 
mum  and  minimum  values  of  the  Input  spectrum 
should  be  less  than  an  order  of  magnitude.  When 
acoustic  excitation  was  used  in  this  experiment 
the  input  spectrum  at  the  center  of  the  beam 
varied  at  least  five  orders  of  magnitude,  making 
the  modal  Information  difficult  to  retrieve. 

The  precision  with  which  the  modal  frequency 
can  be  identified  is  dependent  on  the  investigator 
In  this  report,  the  goal  was  not  precise  measure¬ 
ment  of  the  modal  frequency,  but  a  ganeral  demon¬ 
stration  of  some  of  the  techniques  which  can  be 
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FIG.  37.  Mobility  Plot  of  a  Coeatane  Korea 
input  at  Ona  find  and  Response  at 
the  Opposite  End  on  the  FrUe- 
Free  Sean. 

12.0  r- 


10.0 


used'  to  extract  the  informntionf  ran  the  tendon 
dataiif  precise  frequency  information : id  re¬ 
quired,  long  time  slices  should  be  used  with 
tabular  printouts  Instead  of  plots.  If  t  is  the 
time  slice  or  data  window,  > 

V  .  -  -V\ 

£  »  fundamental  discrete  Fourier 
transform  fraqjency 

A F  'Cf:  . 

AP  will  be  tbs  limit  ofresoluticn'in  the  fre¬ 
quency  domain, 

Norvllinear  effects,  such  as. boundary  reflec¬ 
tions  (feedback),  out-of -plane' mode  coupling, 
etc . ,  make  the  use  of  response  transfer  functions 
less 'reliable.  However,  the  response*  at  mode* 
of  the  structure  are  so  large  in  comparison  with 
response  at.' non-modal  frequencies,' that  the  rela¬ 
tionships  pointed  out  in  the  text  of  this  report 
are.  applicable. 

The  computer  program,  used  in  conjunction 
with  a  UNI VAC  1108  digital  computer,  had  the 
capability  of  computing  the  various  complex 
functions  exhibited.  When  dealing  wi.tn  a  com¬ 
plex- structure  whose.  modes  are  pot  widely  sepa¬ 
rated  or  easily  defined,  all  of  the  functions 
shown  would  need. to  be  used.'  When  the  structure 
is  -simple  with  widely  spaced  modes  which  are 
easily  modeled  and  compared  to  theory,  the  auto¬ 
spectrum  and  the  co-spectrum  would  'provide  all 
the.  Informat lorT  needed  to  totally  describe  the 
mode. 

This  technique  should  bs  examined  with  a 
view  toward  retrieving  structural  coefficients, 
t.e.,  damping,  effective  mass,  stiffness. 
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FIC,  30.  Auto  Spectrum  of  a  Point  on  the  End  of  the  Free-Free  8 earn. 
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Apt^odl*  .* 

?1MT  20  HOOTS  TO  THU  FMOWEHCT  «Ht.*T10*3 


Tha  Uwt  20  Tvota'aira  |hto  for  tha  f»l- 

*.  10 .9953407 

1*.  *2.411500* 

losing  friqutitcy  lotv*. 

.  5.  U.;  1716*3 

15.  65.553091* 

6.  12,27*7393 

U>.  4*. 69*61*1 

tanfaii 

>  tanh  v^O  •  0 

7.  20. *20  >522 

4  57.  51  .*3*77*7 

K.is«4-f  iasl 

wiii) 

s.oaMat)  »  -1 

«.  21.5*19*49 

11.  54.977171* 

9.  26.7015575 

19.  38.119*4* 

Fix«<M  l*a«l: 

com <ai< 

«i»«h<atl  «  I 

13.  29.1*31)02 

»).  41.2*105*7 

'  Praa-fra* ;  ' 

<«a(at) 

v*ahut)  *  i 

LL**«:iL»?«  •«£  SFssdsas 

Fiaaj-Stwpta 

1.  1 .130*1229 

11.  12,9*4722* 

1.  3. 92666251 

,1.1. 

15,142917) 

2<  4  .  7300*076 

12.  34.12*3135 

2.  .’,06*5*2;* 

12. 

16. *4*31 

1.  7.  *5120*62 

1).  39.24990*1 

3.  IQ.  21017(4 

1.1. 

*1. *261029 

*<  10.991607* 

1*.  *2. *11)00* 

4.  13.351748T 

14. 

4*  167*93) 

5,  1*.  1371654 

13.  *5.99  3091* 

3.  K.lflMU 

15. 

*7.9t«;S79 

6.  57.27*7594 

14.  4».69**W« 

6,.  19.6U93* 

IS. 

S1.05OMC6 

7.  20.  *203)72 

17.  51  -*)*77*} 

7.  22.776.3*67 

17. 

5*. 192*732 

8.  23.5*194*9 

»*.  34.977*71* 

*,  23.91*1)93 

IS. 

)7.»4QS)9 

9.  36.70)3)73 

19.  5*. 119*6* 

9.  29.059712 

19. 

60. 475*5*3 

10.  29.8*31302 

20.  61. 2*103*7 

10,12. 201124  7 

20. 

*1.6172312 

FUcd»f>aa 

l.  f.«75lQ*('6 

It. 

12.9*6  >/J* 

2.  4.(9*09113 

12. 

i*.i2*m> 

1.  7.  *3*757*3 

11, 

».269*>«1 

Appendix  B 
PHASE  CONSIDERATIONS 


Phase  problem*  aiw  present  due  co  the  signal 
conditioning  procedure*.  One  digitising  net hod 
used  results  In  a  phase  lag  of  one  channel  of 
data  relative  to  the  other  when  tvo  channels  are 
sampled.  For  Instance,  let  X^(t)  and  Xj(t)  be 
two  tine  series  under  .-ootid* ration: 


A.  y\  ^ 

•V 

Looking  at  tine  record*  Xj ,  Xj,  the  funds- 
atntal  sampling  Interval  for  both  records  Is  At, 
but  the  interval  or  lag  in  stapling  first  record 
Xj  then  record  X*  during  the  fundamental  Interval 
At.  is  i*-tj.  Looking  at  the  Fourier  transfora* 
of  X.,  X,,  the  fundamental  frequency  of  the 
*  *  1 

transform  1*  AF  •  ,  and  any  discrete  fre¬ 

quency  U  given  by  kAF  *  ^  :  the  point  saapled 
in  record  X{  U  given  by  aAt,  the  point  in  X; 
by  (V't  ♦  Atj),  write 


tl  »ak 


k  >  0...N 


N-l 


*h‘iL  “./‘P  T  +B)  k-°“ 


<*•0 


?  Is  tbe  relative  phase  between  X.  and  X.  when 
both  era  saapled  in  the  sene  interval  At. 


£ 


Seen  in  this  light,  6  becomes  •  function  of 
k  (frequency).  The  higher  k,  the  more  pro- 
apunwcd  the  effect  of  the  pheee  on  the  relative 


phase  between  A^,  and  B^.  For  Instance,  in  the 

system  used  there  was  a  built-in  system  leg  of 
Atj  •  0.055  nsec  between  chsnnels,  while  the 

saapling  rate  was  4,000  words/sec/track  or  a 
At  of  0.250  aaec,  then  At, /At  ^  1/5.  Thus, 
when  higher  frequencies  are  to  be  examined  or 
when  precise  phase  information  Is  desired,  dif¬ 
ferent  digitising  techniques  are  dictated.  Two 
of  the  records  examined  for  the  above  phase  pro¬ 
blem  were  aleo  examined  using  a  series  of  sample 
and  hold  amplifiers  where  the  time  uncertainty 
in  digitising  electronics  for  adjacent  channels 
la  no  the  order  of  0.1  usee.  Thus,  uncertainties 
In  phase  Information  for  the  second  technique  are 
reduced  to  the  limitations  o'  the  tape  recorder 
response  and  variations  In  system  electronics. 
However,  these  are  not  considered  in  this  report. 

Other  problems  in  lnterpetlng  the  phase  at 
higher  modes  arise  due  to  mode  shape  and  accelero¬ 
meter  placement .  The  phase  plots  (Bhown  In  the 
body  of  the  report)  were  arrived  at  by  calculat¬ 
ing  tan"1  SHSiL  0f  •.•«,(,  h  tnc  principal  values 
1*0 

are  -s  to  x.  The  problem  can  best  be  understood 
by  looking  at  the  first  six  bending  modes  of  a' 
fixed-free  beam  (Fig.  40).  Points  A  and  B  In 
Fig.  40  are  for  reference.  Notice  that  in  the 
first  mode  the  points  are  somewhat  out  of  phase; 
the  phase  leg  for  the  second  through  sixth  mode 
ere  as  follows: 


Second  mode 

m 

7T 

Third  mode 

« 

3n 

2 

Fourth  mode 

m 

2s 

Fifth  mode 

m 

5s 

2 

Sixth  mode 

m 

3tt 

The  problem  in  computing  phaeee  of  greater 
than  2s  is  how  to  assign  a  sign  to  the  phase 
angle,  or  how  was  the  angle  arrived  at  or  In 
which  direction  does  the  vector  rotate  in  a 
phaaor  diagram.  For  structural  work  whare  only 
the  lower  modes  are  of  Interest,  this  Is  a  minor 
problem. 
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DISCUSSION 


Mr.  Smith  (Lockheed  Missiles  and  Space 
Co.):  m  regard  to  the  results  that  were  ob- 
tained  at  the  lower  end  of  the  frequency  spec¬ 
trum,  Clarkson  and  Mercer  several  years  ago 
showed  that  the  filter  bandwidth  must  be  con¬ 
siderably  narrower  than  the  bandwidth  of  the 
specimen.  In  this  case  your  lower  frequency 
modes  did  not  meet  that  condition.  Therefore 
one  underestimates  the  amplitude  of  the  peak 
and  overestimates  the  width  of  the  band  and  the 
damping. 


Mr.  Christiansen:  We  did  not  make  an 
attempt  to  retrieve  damping  information  but 
we  felt  we  had  a  choice.  If  one  has  to  trade-off 
one  will  see  good  amplitudes  at  high  frequencies 
and  poor  amplitudes  at  low  frequencies  if  one 
uses  g2  spectra.  But  to  address  myself  to  your 
point,  I  do  net  think  that  holds  in  the  computing 
scheme  that  we  used  because  we  actually  have 
a  filter  bandwidth  and  a  Fourier  transform 
bandwidth,  which  is  another  thing,  and  in  this 
case  it  was  about  1/4  of  the  bandwidth  you 
showed. 
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RESPONSE  OF  AIR  FILTERS  TO  BLAST 


E.  F.  Witt,  C.  J.  Arroyo,  and  W.  N.  Butler 
Bell  Laboratories 
Whippany,  N.  J. 


Overpressure  pulses  can  enter  underground  nuclear-blast  resistant 
buildings  if  blast  valves  fall  to  close,  or  transmitted  into  the  building 
if  such  valves  be  closed  directly  by  the  blast  itself.  Tests  simulating 
these  conditions  were  conducted  at  the  Bell  Laboratories  Chester  fa¬ 
cility  to  determine  the  degree  of  damage  sustained  by  commercial 
air  filters  and  dampers  installed  close  to  blast  valves,  and  to  deter¬ 
mine  the  magnitude  and  duration  of  overpressure  pul  "re  which  caused 
no  damage  or  only  initial  damage.  Test  results  indicated  that  air 
filters  would  be  undamaged  by  long-duration  pulses  with  over¬ 
pressure  of  about  1.3  psi,  and  would  tolerate  higher  pressures  of 
shorter  duration.  No  damage  should  be  expected  for  pulses  of  2  to  3 
millisecond  length  with  peak  pressure  of  7  psi. 


Much  of  the  long  distance  communication 
network  of  the  Bell  System  is  constructed  to 
resist  the  effects  of  nuclear  bomb  )xplosions. 
Included  are  the  buried  coaxial  cables  with  as¬ 
sociated  underground  buildings.  These  build¬ 
ings  require  large  amounts  of  air  for  cooling 
and  in  the  operation  of  emergency  electrical 
generators.  Blast  valves  are  used  on  intake 
and  exhaust  ports  to  prevent  interior  blast 
damage. 

It  is  possible  for  air  blasts  to  pass 
through  the  valves.  Free-field  overpressures 
of  less  than  about  1  psi  will  not  trigger  the 
valves;  thus  a  long  duration,  low  overpressure 
blast  could  be  transmitted  into  the  building. 

The  blast  valves  used  in  Bell  System  buildings 
are  closed  before  blast  arrival  by  an  electrical 
control  system.  These  valves,  however,  have 
a  blast-closing  backup  feature.  The  valve  is 
slammed  shut  directly  by  blast  forces  on  the 
moving  elements  of  the  valve.  U  this  should 
happen,  a  short  duration,  high  overpressure 
pulse  would  be  transmitted  into  the  building. 

It  is  also  possible  to  use  valves  that  blast- 
close  only.  These  would  always  allow  some 


pressure  to  be  transmitted  through.  Valves  of 
this  type  are  not  now  used  by  the  Bell  System , 
but  may  be  considered  for  future  use  because 
of  their  low  cost. 

Filters  and  dampers  are  very  vulnerable 
dements  in  a  blast-resistant  building  because 
they  are  located  near  the  blast  valves  and  are 
inherently  weak  structures  normally  designed 
for  low  air  pressures.  The  blast  resistance  of 
sheet  metal  ducts  has  also  been  investigated 
(Reference  1), 

The  tests  described  in  this  paper  were 
conducted  to  demonstrate  the  resistance  of  fil¬ 
ters  and  dampers  to  the  above  described  blast 
pulses.  Ths  air  blast  was  produced  using  the 
shock  tube  at  the  Beil  Laboratories  facility  at 
Cheater,  N.  J.  Blast  valves  were  put  upstream 
of  the  filters  to  produce  the  short  blast  pulses. 
Longer  pulses  were  produced  with  the  valves 
removed.  The  effects  of  s  very  long  duration 
•wise  were  simulated  by  passing  a  steady  high- 
velocity  flow  through  the  fillers.  The  filters 
and  dampers  tsstsd  were  typical  ot  those  used 
in  Bell  System  underground  buildings.  Tested 
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TABLE  I 
Apparatus  Tested 


Name 

Manufacturer 

Size 

Model 

Rigid  Aerosolve  Filter 

Cambridge  Air  Filter  Co. 

24"  x  24"  x  24" 

43D-45 

Hi- Flo  Filter 

Cambridge  Air  Filter  Co. 

24"  x  24"  x  29" 

43X-45 

Hi-Cap  Filter 

Cambridge  Air  Filter  Co. 

24"  x  24"  x  15" 

45HC-2500 

Flo  Filter  (roll-type) 

Cambridge  Air  Filter  Co. 

30"  x  46" 

VH  RF-3-50 

Damper 

Arrow  Louver  and  Damper  Corp. 

34"  x  46" 

(Made  to  Order) 

were  three  models  of  2 -foot  square  filter  mod¬ 
ules,  a  roll-type  i.lter,  and  a  damper  with  ex¬ 
truded  aluminum  blades.  Model  information  1b 
presented  in  Table  I. 

BLAST  TESTING  OF  2 -FOOT  SQUARE  FILTER 
MODULES 

The  shock  tube  used  in  these  tests  is 
driven  with  compressed  air  released  by  a  fast- 
acting  valve  designed  and  built  by  the  Defence 
Research  Establishment,  Suffield,  Alberta, 
Canada.  The  expansion  section  of  the  shock 
tube,  a  14-inch  diameter  pipe,  is  joined  into  the 
test  area,  as  shown  in  Figure  1. 

The  first  expansion  is  into  a  16-lnch 
square  test  area.  The  blast  valves,  when  used, 
are  located  either  within  this  16-inch  square 
area  or  at  the  Junction  where  this  area  expands 


SHOCK 

WAVE 


Figure  1.  Shock  Tube  Set-up 


to  a  24-inch  square  section.  The  first  24-inch 
square  section,  which  is  8  feet  long,  allows  the 
shock  to  reform  in  the  larger  area.  Filters 
were  mounted  in  the  front  of  the  second  24-inch 
square  section.  A  third  section  was  used  in 
most  tests  to  delay  the  formation  of  the  rare¬ 
faction  wave  at  the  filter.  These  three  sections 
were  made  of  plywood,  reinforced  with  steel 
angles. 

Two  blast  valves  were  used  in  these  tests 
to  produce  blast  pulses.  A  quarter-scale  model 
of  the  louver  valve  (shown  in  Figure  2)  was 
used  to  produce  intermediate  pulse  lengths. 

The  louver  blast  valve  is  now  being  made  for 
use  in  Bell  System  buildings.  Tests  on  this 
model  are  described  in  Reference  2.  The 
model  was  mechanically  tripped  so  that  it 
started  to  close  when  the  blast  arrived. 

Shorter  duration  pulses  were  produced  by  a 
reed  blast  valve.  This  is  a  fast-closing,  blast- 
actuated  valve  with  seven  fiberglass  reinforced 
epoxy  blades  1-1/4"  wide,  12"  long,  and  1/16" 
thick. 

Pressures  upstream  of  the  blast  valve 
and  upstream  and  downstream  of  the  filters 
were  measured.  Transducer  locations  are 


Figure  2.  Louver  Valve  Model  in  Shock  Tube 


shown  in  Figure  1.  The  Kisler  701A  trans¬ 
ducers  were  isolated  from  the  test  chamber  by 
an  air  gap  to  eliminate  unwanted  acceleration- 
produced  signals. 

RESULTS  FOR  2-FOOT  SQUARE  FILTER 
MODULES 

Figure  3  shows  the  three  types  of  filter 
modules  tested.  Overpressure  time  waveforms 
upstream  at  the  filter  at  gage  location  2 
(Figure  1)  are  reproduced  for  the  highest  over¬ 
pressure  blast  pulse  which  produced  no  dam¬ 
age  and  the  lowest  overpressure  pulse  which 
produced  the  damage  illustrated  in  the  photo¬ 
graphs.  Each  filter  was  subjected  to  increas¬ 
ingly  higher  pressure  pulses  until  damage  oc¬ 
curred,  and  was  then  discarded. 

The  Aerosol ve  filter  had  the  filtering  ma¬ 
terial  punctured,  as  a  result  of  a  S-psi  over¬ 
pressure  pulse.  The  Hi -Flo  filter  had  the  sup¬ 
porting  ribs  bent  and  torn  from  tho  frame  by  a 
pulse  with  a  peak  overpressure  of  about  7  pel. 
The  filtering  material  in  the  Hi-Cap  filter  was 
tom  by  a  pulse  with  a  peak  overpressure  of 
about  8  psi. 

The  pulses  producing  the  above  described 
filter  damage  were  generated  by  passing  the 
blasts  through  the  quarter-scale  louver  blast 
valve.  In  order  to  produce  longer  durations, 
the  shock  tube  was  operated  without  any  blast 
valves.  Similar  filter  damages  were  produced, 
but  with  lower  overpressures.  Intermediate 
pulse  durations  were  obtained  with  the  last  2- 
foot  square  section  removed.  This  allowed  a 
faster  return  of  the  rarefaction  wave,  which 
tended  to  blow  out  the  filtering  material.  Since 
It  was  not  possible  to  separate  positive  from 
negative  pulse  damage,  these  tests  results  are 
not  used  here. 

The  peak  pressure  and  duration  of  the 
highest  pressure  blast  pulse  which  did  not 
cause  damage,  and  the  lowest  pressure  pulse 
which  did,  are  plotted  in  Figure  4.  The  shaded 
area  lies  between  certain  damage  and  no  dam¬ 
age  for  the  three  filters.  In  addition  to  the 
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Figure  4.  Filter  Damage  a*  a  Function  at 
Upstream  Pressure  and  Duration 


data  described  above,  the  shorter  duration 
pulses  produced  by  the  reed  valve  are  repre¬ 
sented  by  the  three  points  on  the  left-hand  aide 
of  the  ficu  re.  These  caused  no  damage  because 
the  peah  pressures  were  too  low.  It  was  not 
possible  to  operate  this  valve  with  higher  In¬ 
cident  pressures  to  produce  higher  pressures 
on  the  filler#. 

The  response  of  the  filters  t*>  pressure 
loading  is  better  portrayed  in  Figure  $.  a  plot 
of  the  pressure  differential  (P2-P4)  across  the 
filter  versus  pulse  duration.  The  shaded  area 
in  Figure  4  correspond#  lo  that  in  Figure  4.  A 
curve  representing  the  constant  product  of  the 
peak  pressure  and  the  duration  has  about  the 
same  sktpe  as  the  test  date.  Filter  damage  oc¬ 
curred  at  approximately  a  coast  am  imputes. 
This  is  only  an  approximation  since  this  type 
of  response  applies  to  a  very  tow  frequency 
linear  oscillator. 


Figure  5.  Filter  Damage  as  a  Function  of 
Differential  Pressure  and  Duration 


ST  F  AD V  HX>W  THROUGH  2-FOOT  SQL' AH  K 
FILTER  MODULES 

The  #h>»  a  lube  test*  simulated  relatively 
shari  duration  blasts  compared  to  ihose  pro- 
dueed  by  targe  yield  nuclear  explosions.  An  in¬ 
finite  duration  blast  was  simulated  using  s'tadv. 
high-velocity  flow  through  the  filters  using  the 
lest  apparatus  shown  in  Figure  6.  It  was  not 
possiVilv  to  create  filter -damaging  velocities 
with  this  apparatus.  Teels  were  run  with  the 
blower  at  maximum  rapacity.  Vetoed  lex  at  the 
flHer  lace  xrere  measured  at  a  number  of  point* 
and  the  average  values  are  given  in  Table  H . 

The  (aide  also  Usts  the  overpressures  of  blast 
wave^  chech  have  the  same  air  velocities  as 

These  are  between  1.2  and  1.4  psi. 
These  tests  did  not  simulate  the  initial  shock  in 
the  blast  ware,  but  ltd*  did  md  affect  led  re- 
.cults.  The  filters  withstood  higher  pressure 
•nock*  in  the  blasi  pulse  tests. 


IV 
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TABLE  H 

Results  of  Steady  Flow  Tests 


Filter 

Maximum  Average 

Corresponding  Shock 

Velocity  FT/SEC 

Overpressure  PSI 

Aerosolve 

64 

1.2 

Hi-Flo 

74 

1.3 

Hi -Cap 

73 

1.3 

TESTS  ON  ROLL-TYPE  FILTER  AND  A 
DAMPER 

These  large  pieces  of  equipment  required 
the  use  of  a  large  test  section  (Figure  7).  The 
shock  was  expanded  by  means  of  a  conical  sec¬ 
tion  tapering  in  diameter  from  14  inches  to  ap¬ 
proximately  4  feet,  at  which  end  a  rectangular 
duct  was  attached.  The  roll-type  filter  shown 


in  Figure  8  was  placed  adjacent  to  the 
opening  in  the  duct  and  the  damper  was 
placed  Inside. 

The  damage  to  the  roll-type  filter  (Fig¬ 
ure  9)  occurred  with  a  peak  overpressure  of 
1.7  psi  at  a  duration  of  8  milliseconds.  The 
filtering  material  was  blown  out  of  its  track 
and  the  vertical  rods  were  bent  and  forced  out 
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Figure  9.  Roll-Type  Filter  Damage  and  Corresponding  Pressure  Pulse 
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of  tbelr  anchors.  Lower  pressure  blast  pulses 
just  bead  the  vertical  rods. 

Tbe  damper  (Figure  10)  was  only  slightly 
deformed  by  a  pulse  with  a  peak  overpressure 
of  5  psi  in  a  duration  of  10  milliseconds.  This 
occurred  with  the  damper  closed,  its  most  vul¬ 
nerable  position.  In  this  case,  the  peak  pres¬ 
sure  was  a  reflected  pressure,  produced  by  an 
incident  pressure  of  2.S  psi.  The  damper  oper¬ 
ated  freely  after  tbe  test. 


Reproduced  Iros 
besl  wimble  copy. 


Figure  10.  Damper  Being  Checked  for 
Deformation  by  Blast  Pulse 


DISCUSSION  OF  RESULTS 

The  results  of  the  blast  pulse  and  steady 
flow  tests  of  the  2-foot  square  filters  and  the 
roll-type  filter  are  superimposed  in  Figure  4. 
There  is  an  average  dividing  line  shown  in  the 
figure  between  damage  and  no  damage  to  the 
2-foot  square  modules.  The  constant  pressure 
portion  of  the  line  on  the  right  side  is  estimated 
from  the  steady  flow  data,  where  filter  damage 
was  not  obtained.  Results  for  the  roll-type 


filter  fall  considerably  below  tbe  spread  of  data 
for  the  2-foot  square  filters.  This  is  due  at 
least  partially  to  tbe  rapid  reduction  la  pres¬ 
sure  downstream  of  the  roll-type  filter  because 
the  blast  pulse  exhausted  into  a  large  room. 

This  allows  a  rarefaction  wave  rapidly  to  re¬ 
duce  the  downstream  pressure.  The  2-foot 
square  filter  modules  were  tested  is  a  constant 
cross-section  duct,  and  the  downstream  pres¬ 
sure  on  the  filter  was  maintained  when  the  fil¬ 
ter  was  loaded  by  an  upstream  pressure.  If  the 
downstream  pressure  on  the  roll-type  filter  is 
assumed  to  be  ambient,  the  pressure  differen¬ 
tial  cm  this  filter  is  upstream  pressure.  The 
data  points  for  a  roll -type  filter  then  fit  neatly 
within  the  spread  of  data  for  the  other  filters, 
as  shown  in  Figure  5.  This  suggests  that  the 
roll-type  filter  in  the  size  tested  is  of  similar 
blast  resistance  to  the  other  filters  with  the 
same  type  of  downstream  conditions.  This  dis¬ 
cussion  suggests  an  extended  interpretation  for 
Figures  4  and  5:  The  former  is  for  filters  with 
about  the  same  plenum  areas  upstream  and 
downstream;  the  latter  is  for  filters  with  a  very 
large  downstream  plenum. 

The  damper  tested  survived  a  peak  over¬ 
pressure  of  almost  5  psi  which  was  the  reflec¬ 
tion  of  a  2-1/2  psi  incident  pressure.  This  in¬ 
cident  pressure  with  a  duration  of  about  10  mil¬ 
liseconds  places  the  resistance  of  the  damper 
at  the  lower  bound  of  the  shaded  area  in  Figure 
4.  This  indicates  that  this  particular  damper 
is  about  as  resistance  to  blasts  as  the  filters 
tested.  Downstream  conditions  would  have  no 
effect  on  a  closed  damper. 

CONCLUSIONS 

Application  of  these  test  results  to  actual 
conditions  will  not  be  considered.  The  2- foot 
square  fillers  were  found  to  withstand  a  long- 
duration  blast  of  over  I  -psi  overpressure.  T:»e 
free-field  overpressure  could  be  larger  because 
of  attenuation  in  the  passages  leading  into  the 
building.  Filters  were  also  found  to  be  un¬ 
damaged  by  rarefaction  waves  of  about  l-nsi 
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negative  pressure.  A  rarefaction  of  this  magni¬ 
tude  is  associated  with  the  positive  peak  over* 
pressure  of  about  5  pel.  It  is  unlikely  that  the 
filters  would  suffer  primary  damage  from  nega¬ 
tive  pressure  loading. 

Short  duration  pulses,  which  are  tiana- 
mitted  through  closing  blast  valves ,  have  a 
damaging  potential  which  is  a  function  of  both 
peak  overpressure  and  duration.  For  very 
short  pulses  about  2  to  3  milliseconds  long,  the 
filters  should  not  be  damaged  by  peak  pressures 
of  about  7  psi.  It  was  not  possible  to  damage 
the  filters  in  these  tests  with  pulses  from  the 
very  fast  closing  reed  valve. 

The  damage  criterion  used  in  this  report 
was  the  first  sign  of  visible  damage.  The  slight 
damage  observed  in  these  tests  might  not  pre¬ 
vent  satisfactory  filter  performance,  so  the 
criteria  discussed  here  should  be  conservative. 


However,  the  supporting  structures  for  filters 
and  dampers  have  not  been  investigated.  This 
might  very  well  be  the  weak  link  in  a  commer¬ 
cially  installed  system.  The  effective  pres¬ 
sures  acting  on  the  filters,  summarized  in 
Figure  5,  can  be  used  to  obtain  the  loading  and 
response  of  the  supporting  structure. 
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